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Abstract

Bacterial phytopathogens are a recurring issue for agricultural plants.
Traditional control measures include copper treatment and use of pesticides
and antibiotics. The use of bacteriophages that selectively kill the causative
pathogen as an alternative treatment has been delayed by technical
difficulties associated with phage stability and deployment methods. In this
project, we developed phage-coated nanoparticles for the control of tomato
plant soft rot, caused by Pectobacterium carotovorum, as a model system.
Scottish crops were used as a source to isolate new bacteriophages,
followed by triple isolation of single plaques formed after infection. Using the
enrichment technique, that uses bacteria to isolate the virus from a soil
sample, twelve potentially different bacteriophages were recovered and fully
characterised.

All of the phages isolated resemble T7 based on morphology by transmission
electron microscopy; consistent with the genomic characterisation, electron
microscopy revealed that the phages displayed a morphology characteristic
of the Podoviridae. Subsequently, we covalently bound a collection of
phages to the surface of different nanoparticles and the capacity of these
phage coated nanoparticles to control bacterial plant disease was assessed.

This new technology fully retains the antimicrobial capacity of the
bacteriophages and enhances its stability, particularly against dehydration,
making this technology a potentially good candidate for use of biocontrol
agents for crop pathogen treatment.
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1.1 Importance of controlling crop pathogens

The demand for crop products has been increasing for the last few decades
all over the world. This is the result of many factors, including population
growth that is estimated to reach 9.6 billion by 2050, (United Nations,
Department of Economic and Social Affairs, 2015), the increased levels of
consumption in developing countries, such as China, and persistent poverty
that has prevented millions of people from meeting their food needs (FAO,
2009). It has been predicted that crop supply should increase between 80
and 110% to meet these demands (Ray et al., 2013); this need to increase
crop production could come from expansion of crop land, harvest intensity
and/or improvements in yield (FAO, 2009). Increasing the crop yield aims at
maximising production, and this can be achieved by optimising water
availability, use of fertilisers or pathogen control and it is likely to be the
largest source of increased crop production in the future.

It is estimated between 10 and 25% of food produce is lost worldwide as a
result of infectious plant diseases that include decay of infected crops by
microbes (Strange and Scott, 2005), this damage causes economic losses
for growers but also results in increased prices for consumers. It is estimated
that the potato sector losses amounts to 65 billion kilograms and 16 billion
dollars annually worldwide, and between 30 to 50% of these losses are
caused by pectolytic bacteria (Oerke, 2006; Czajkowski et al., 2011).
Infection of plants in general can happen at any stage in the development:
from the selection of seeds, to the field, harvest, transportation or even
storage. The pathogens responsible include parasitic plants, oomycetes,
nematodes, viruses, fungi and bacteria. Among the latter, there are over 200
plant pathogenic bacteria (Considina and Considine, 1995), and
Pectobacterium spp. are within the eight most important (Mansfield et al.,
2012).

Potato (Solanum tuberosum) is the world’s fourth most important food crop
after rice, wheat and maize and the third in consumption (FAO, 2009). With
Europe and Asia producing more than 80% every year (Figure 1-1), the UK is
decreasing steadily its production and area harvested for the past twenty
years (Figure 1-2). It is estimated that 22% of total production is lost as a
result of pests and diseases; this corresponds to an average of over 65
million tonnes annually (Ross, 1986). Blackleg in potato seeds and tubers,
caused mainly by Pectobacterium and Dickeya spp. (Charkowski, 2015), has
been consistently the main cause for rejections and downgrading of potato
seeds in most European countries (Czajkowski et al., 2011); for example in
the
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Netherlands seed certification downgrades account for losses of up to 30
million euros annually (Toth et al., 2011). In Scotland, downgrading of seed
potatoes is mainly caused by Pectobacterium atrosepticum via contaminated
seed tubers (Pérombelon, 2002) and its incidence has increased to levels not
seen in 20 years (Davey et al., 2016).

1.2 Crop losses caused by Pectobacterium spp.

It is estimated that losses vary between 15 and 30% of harvested crops
(Agrios, 2005) and the severity of Pectobacterium infection is particularly
high under warm and damp weather conditions. The bacteria can gradually
grow on parent plants during storage, and be passed onto seed shoots every
year, causing economic losses of between 50 to 100 million dollars
worldwide every year (Pérombelon and Kelman, 1980). These bacteria are
the main reason for production losses of stored potatoes (Harris, 1979;
Pérombelon, 2002; Toth et al., 2011) and they could be responsible for up to
85% of total losses (Fajola, 1979). Disease development depends on
different factors including crop variety, environmental conditions during
growing season or poor seed health (Davey et al., 2016). Unlike other plant
pests like fungi, oomycetes and insects, there are no chemical treatments for
these bacteria and preventative control measures rely on disease-free
planting material (Table 1-1) (Czajkowski et al., 2011), limiting the number of
seed generations and good agronomical practices (Davey et al., 2016), these
include maintenance of crop rotation, selection of resistant varieties, correct
entering of mineral fertilisers, enough distance between nursery plants and
industrial ones, and careful destruction of the vegetation residues to name a
few. Blackleg symptoms are detected visually on crop inspections, but these
depend on the disease to be fully developed as a black, wet, rotting lesion
developing from the base of the stem, though some yellowing and stunting
may occur under dry conditions (Skelsey et al., 2016), from the site of
infection many bacteria are released into the soil and move to a distance of
up to 10 metres (Graham and Harper, 1967) and survive for up to 10 months
(Czajkowski et al., 2011). Moreover, low inoculum levels of the bacteria on
potatoes can still lead to high disease incidence under the right conditions
(van der Wolf et al., 2017), that include temperature and moisture levels can
also facilitate disease development, for example the optimal temperature for
pathogenicity is estimated to be between 15-20°C for P. atrosepticum and
around 25°C for P. carotovorum (Perombelon and Salmond, 1995).
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Control methods Examples Possible consequences
of treatment
Seed selection Seed Potato | High pathogen load after

Classification Scheme
(SPCS) in Scotland

many generations,
regular inspections

Pesticides
treatments

Antibiotics, insecticides
or fungicides

Pollution in the water and
surrounding environment

Use of genetically-
modified or cisgenic
plants

Durable resistance
against Phytophtora
(DURP) project

Possible insertional
mutagenesis

Physical controls

Application of steam,
hot water, UV or solar
radiation

Damage crop product,
accelerate plant
degradation

Chemical controls

Antibiotics, inorganic
and organic salts

Pollution in the water and
surrounding environment,
selection of resistant
strains

Biological controls

Predatory bacteria and
bacteriophages

Dysbiosis in the
ecosystem, selection of
resistant strains

Table 1-1: Different methods used for crop pathogen control. They
should cover all the different stages of growth and commercialisation
(Czajkowski et al., 2011).

1.3 Pectobacterium spp.

Pectobacterium are pectinolytic, Gram-negative, facultatively anaerobic,
nonsporing, motile bacteria, distributed in straight rods with petrichous
flagellae and their colonies vary between one to two micrometres in diameter
(Charkowski, 2006). The soft rot Erwinia group has been reclassified in
recent years into two new bacterial genera (Pectobacterium and Dickeya),
which are relatively different in terms of phage susceptibility (Czajkowski,
2016a), and seven Pectobacterium species are now described (Dees et al.,

2017):

18



Species Abbreviation Subspecies

Pectobacterium atrosepticum Pba

Pectobacterium betavasculorum Pbb

Pectobacterium carotovorum Pbc carotovorum (Pbc), brasiliensis
and odoriferum

Pectobacterium wasabiae Pbw

Pectobacterium aroidearum
Pectobacterium parmentieri
Pectobacterium cacticida

All these subspecies are widely distributed: Pectobacterium carotovorum has
a worldwide distribution, being adapted to many climates, Pectobacterium
atrosepticum is found in cold climates and Pectobacterium betavasculorum
has been reported in Brazil, Israel, United States, New Zealand and South
Africa (Ma et al., 2007). These bacteria cause greater total crop losses of
produce than any other bacterial disease, and they are responsible for a
spectrum of disease symptoms, such as soft rot, blackleg and wilt, on eleven
monocot and sixteen dicot families in a density-dependent manner (Ma et al.,
2007). Pectobacterium have also been found associated with many
invertebrates, including fruit flies (Basset et al., 2000; Muniz et al., 2007,
Nadarasah and Stavrinides, 2011), corn maggots (Gnanamanickam, 2006)
and snails (Harrison et al., 1977; Phillips and Kelman, 1982). P. atrosepticum
causes infection on potato and closely related solanaceous crops, whereas
P. carotovorum, P. betavasculorum and P. wasabiae are capable of infecting
other plant species, therefore they are considered broad-host-range
pathogens. Different Pectobacterium strains could share common virulence
determinants associated with stem infection (Morschhauser et al., 2000), the
detection of coronafacic acid (cfa) biosynthetic clusters in limited
Pectobacterum carotovorum strains indicates that they were probably
acquired from independent lateral gene transfer events (Panda et al., 2016)
and they contribute to more virulent blackleg symptoms (Morschhauser et al.,
2000).

1.3.1 Virulence mediated by quorum sensing

Bacterial communication is based on the release in the surrounding
microenvironment of small signalling molecules that can diffuse through the
bacterial membrane. The accumulation of these membrane-diffusible
molecules is coupled with gene expression, in a population-density-
dependent mechanism known as quorum sensing (QS). There are at least
two quorum sensing systems in P. carotovorum that use N-acylhomoserine
lactones (AHL) and the autoinducer-2 (Al-2) as signalling molecules.
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Virulence in Pectobacterium is triggered by quorum sensing, releasing plant
cell-wall degrading enzymes (PCWDE) which break the host cell and initiate
the rotting process (Toth and Birch, 2005). How the infection progresses
depends on not only the bacterial strain but also the susceptibility of the host
plant and the environmental conditions, such as temperature and humidity.
Although it is widely accepted that quorum sensing is responsible for
Pectobacterium virulence and infectivity (Barnard et al., 2007), it is unclear
why it happens. One theory behind the release of PCWDEs is the response
to low nutrients in an environment with high cell densities, by breaking down
the host cell walls, its incipient release of nutrients from the host plant would
ensure further growth. Another theory explains antibiotic production in a
quorum sensing system as a method of survival against other organisms; the
fact that it is quorum sensing-directed would ensure that the levels of
carbapenem antibiotic released are over the minimum inhibitory
concentration for cell death (Barnard et al., 2007). This highly specialised
mechanism enables the synchronisation of entire bacterial communities
resulting in increased effectiveness as a whole community rather than as
individual bacteria. Many virulence factors depend on cell density in
Pectobacterium (Whitehead et al., 2002; Corbett et al., 2005; Liu et al.,
2008), and they are induced at a density higher than 10° cells per millilitre
(Toth et al., 2003).

1.3.1.1 Protein secretion

In P. atrosepticum, PCWDEs are the main virulence determinants being
responsible for tissue maceration at latter stages of infection (Py et al.,
1998). P. atrosepticum SCRI 1043 has 20 putative pectinase genes, such as
cellulases and pectate lyases (Bell et al., 2004). These proteins are secreted
by the bacteria using the one-step type | secretion system in P. carotovorum
(Delepelaire, 2004). Most of the main secreted virulence factors in P.
carotovorum include multiple Pels, Peh, Cel and Svx and are secreted by a
two-step type Il secretion system known as Out (He et al., 1991; Reeves et
al., 1993; Corbett et al., 2005). Type lll secretion systems, known as Hrp
systems, are responsible for the defence response known as hypersensitive
reaction (HR) in non-host or resistant plants (Barnard et al., 2007). The
genome of P. carotovora subsp. atroseptica contains a gene cluster within
HAI7 very similar to both a plasmid conjugation system in E. coli and the
pathogenicity-related type IV secretion system locus in Agrobacterium
tumefaciens (Bell et al., 2004).

PCWDE production is regulated by two quorum sensing systems: one
comprising Expl/AHL, modulating rsmA expression (Kdiv and Mae, 2001;
Chatterjee et al., 2002) in the other system, Luxs/Al-2 PCWDE secretion
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control is unclear. Full production of secreted virulence factors is dependent
on functional luxS gene in some Pectobacterium (Pdllumaa et al., 2012), and
there is a correlation between Al-2 levels and the production of pectinolytic
enzymes (Laasik et al., 2006), although accumulation of AHL signal is
enough for PCWDE production, even in the absence of Al-2 signal (Brader et
al., 2005).

1.3.1.1.1 AHL-based quorum-sensing in Pectobacterium

AHL-producing bacteria can respond to concentrations of signalling
molecules and high cell densities (approximately 10" cell per ml) increasing
the levels of AHLs in their environment. The Luxl type proteins are AHL
synthases that use S-adenosylmethionine (SAM) to synthesize the
homoserine lactone ring, and the acyl chains from lipid metabolism (Moré et
al., 1996; Parsek et al., 1999). The LuxR type proteins are transcriptional
factors that bind to the signal molecule, AHL, modulating the expression of its
target genes (Zhu and Winans, 2001; Zhang et al., 2002). The ExpR protein
is a transcriptional regulator from the LuxR family that detects the AHL
signal, transforms it into a cellular response and initiates the virulence
response that leads to the release of PCWDEs. Despite this, some studies
could not establish this role in some Pectobacterium strains (Cox et al.,
1998).

1.3.1.1.2 LuxS/Autoinducer-2-mediated quorum sensing in
Pectobacterium

A different quorum-sensing system has also been described in Gram-
negative bacteria: the Al-2 signalling system. First identified in the marine
bacterium V. harveyii (Xavier and Bassler, 2005), where it is one of the three
quorum-sensing systems that regulate bioluminescence and other
phenotypes such as type lll secretion systems (Bassler et al., 1994; Henke
and Bassler, 2004a; Henke and Bassler, 2004b). At high cell densities, Al-2
binds the receptor protein LuxP which, in turn, interacts with the hybrid
sensor kinase LuxQ. This process initiates a dephosphorylation cascade that
results in the dephosphorylation of the phosphotransfer protein, LuxU, and
inactivation of the response regulator, LuxO. This allows the expression of
Luxvh, which in turn activates the expression of the bioluminescence operon
(Schauder et al., 2001; Henke and Bassler, 2004; Miller et al., 2004). Many
Gram-negative and Gram-positive bacteria also have a luxS homologue and
synthesise compounds that can activate the Al-2 sensor (Miller et al., 2004).

The LuxS protein, which is highly conserved throughout bacteria, is
responsible for the biosynthesis of Al-2. LuxS synthesizes 4,5-dihydroxy-2,3-
pentanedione (DPD), that forms a series of DPD derivatives through
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spontaneous rearrangements. In turn, these DPD derivatives interconvert
into Al-2 (Miller et al., 2004). Levels of Al-2 in P. atrosepticum increase
during log phase and decline during stationary phase (Crépin et al., 2012).
Despite this, the expression of luxS is consistent throughout bacterial growth.
A luxS mutation can affect bacterial motility, virulence and the initial stages of
infection through the modulation of the expression of pectinolytic enzymes.

Al-2 might be a universal and/or interspecies signalling molecule since
responses to Al-2 can be triggered by different Al-2 molecule types
(Schauder et al., 2001). Although production of Al-2 depends on the /uxS
gene, mutants in this gene have been reported to decrease type lll secretion
and motility in E. coli (Sperandio et al., 1999; Sperandio et al., 2001). As a
result, it is still unclear how many of the phenotypes result in a signalling
defect due to the absence of Al-2 (McGowan et al., 1996) and how many are
just the result of a metabolic defect due to the loss of methionine recycling
(Vendeville et al., 2005).

1.3.1.2 Antibiotic production

Parallel to the secretion of PCWDEs, a few strains of Pectobacterium
produce low levels of the B-lactam antibiotic, carbapenem (1-carbapen-2-em-
3-carboxylic acid or Car) (Brader et al., 2005). The genes for biosynthesis
and autorresistance functions are clustered in the carABCDEFGH operon
(Figure 1-3) (McGowan et al.,, 1996; McGowan et al., 1997). The proteins
encoded by carA, carB and carC are responsible for carbapenem production
(McGowan et al., 1997). CarB produces carboxymethylproline, which is the
first molecule in Car biosynthesis (Sleeman et al., 2004). CarD and CarE
may be involved in the supply of the precursors for this first step, but they are
not essential for carbapenem production (McGowan et al., 1997). CarA is the
B-lactam synthetase, closing the B-lactam ring (Miller et al., 2002; Miller et
al., 2003; Gerratana et al., 2003). CarC forms the active carbapenem
antibiotic by an epimerisation and desaturation reaction (Li et al., 2000). carF
and carG encode for antibiotic resistance (McGowan et al., 1997), and this
resistance mechanism occurs before biosynthesis of the antibiotic (Barnard
et al., 2007). Carl, a Luxl family member, produces three AHL signals,
whereas CarR, a member of the LuxR transcriptional factors, is a DNA-
binding transcriptional activator of the carA-H operon that functions in the
presence of AHL. CarR is located 108bp upstream the operon carA-H
(McGowan et al., 2005), whereas the carl gene is located elsewhere in the
genome. Some Pectobacterium strains that produce carbapenem have a
single Carl gene to synthesize AHL, and two different LuxR homologues that
control the expression of different genes but recognise the same AHL (Welch
et al., 2000).
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Car production in Pectobacterium reaches a peak during the transition from
late log to stationary phase of growth, decreasing its production afterwards
(Barnard et al., 2007).

carbon source
/ x high temperature

+3-0x0-C6-HSL | € alkaline pH

<«<——— anaerobiosis (?)

Quorum Sensing

= carR>—{ carA > carB> carC>—{ carD >EE> carl> carG> carH>—

1-carbapen-2-em-3-carboxylic acid (Car)
l anaerobiosis (?)
— high temperature
Figure 1-3: The regulation of carbapenem production in Pectobacterium
carotovorum spp. carotovorum, adapted from (Barnard et al., 2007)).
Different environmental factors, such as temperature, pH, oxygen availability
and carbon source also affect expression: green arrows indicate a positive

effect, whereas red arrows indicate a negative effect. The (?) symbols
indicate a possible effect.

1.3.1.2.1 Environmental factors influencing Car production

Apart from quorum-sensing regulation, Car production in P. carotovorum can
be affected by environmental factors including temperature, anaerobiosis, pH
and availability of a carbon source (Figure 1-3) (Byers et al., 2002; McGowan
et al., 2005). These conditions can also affect the stability of the AHL
signalling molecule, which becomes unstable over a narrow pH range
(between 7 and 8) (Byers et al, 2002; Yates et al., 2002). When
Pectobacterium strains are cultured in an unbuffered culture medium, Car
production is switched off during stationary phase as the pH becomes
alkaline. However, if the culture medium is buffered, Car production remains
constant during the stationary phase (Byers et al., 2002). This is an important

23



factor since one of the first recognisable responses in planta to infection is a
pH increase of the apoplastic fluid surrounding the infection site (Nachin and
Barras, 2000), that is an increase in the intercellular space from 6.2 to 8.3
(Baker et al., 1990).

Another important environmental factor is temperature (McGowan et al.,
2005). Optimal temperatures for both carA transcription and Car production
in P. carotovorum is 34°C, whilst higher temperatures are inhibitory, stopping
completely at 37°C or over, being the transcription of hor also repressed at
37°C (McGowan et al., 2005). The carbon source present in the media also
affects Car production (McGowan et al., 2005), using sucrose as the sole
carbon source increases transcription of carA by 50% when compared to
glucose as the only carbon source. This transcription is completely inhibited
when using glycerol. Oxygen availability can also affect Car production,
although Car production cannot be detected under oxygen-limiting
conditions. AHL stability is favoured under anaerobic conditions because
anaerobic metabolism produces weak acids; this may explain the persistence
of AHL during stationary phase and explain why soft rot is favoured when
oxygen is limiting (Pérombelon and Kelman, 1980).

1.3.1.3 Other transcriptional regulators in Pectobacterium
1.3.1.3.1 The Hor transcriptional regulator

The hor gene belongs to the SlyA family of transcriptional factors present in
different bacteria. This family of proteins controls multidrug resistance, toxin
production, virulence and secondary metabolite production. In
Pectobacterium it activates Car and PCWDE production (Thomson et al.,
1997). The hor gene was identified as one of the two genes required for
infection in Drosophila by a strain of Pectobacterium (Whitehead et al.,
2002).

1.3.1.3.2 The VirR regulator

The VirR regulator, from the LuxR family, negatively regulates virulence
products in the absence of AHLs (Burr et al., 2006). It binds directly to the
promoter regions of the genes to prevent transcription, regulating virulence
(Bell et al., 2004). This protein has been described in P. atrosepticum but not
in other Pectobacterium.

1.3.1.3.3 The Rsm regulatory network

RsmA is a homologue of CsrA in E. coli, which negatively regulates other
metabolic pathways, such as glycogen formation and gluconeogenesis in
post-exponential phases of growth. CsrA binds to selected mRNA transcripts,
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blocking ribosome binding and promoting transcript degradation (Cui et al.,
1995). This protein also activates flagellum biosynthesis and motility in E. coli
(Wei et al., 2001). RsmB blocks the action of RsmA by binding on its mMRNA
targets (Liu et al., 1998), promoting PCWDEs encoding genes. RsmC
negatively controls the expression of rsmB and, indirectly, enhancing the
expression of rsmA (Cui et al., 1999).

1.3.1.3.4 KdgR

KdgR acts as a global repressor of genes involved in pectin degradation. It is
a DNA-binding transcriptional repressor (Barras et al., 1994; Liu et al., 1999),
targeting pectinases (Liu et al., 1999), but also binds the promoter region of
rsmB (Liu et al., 1999).

Other regulators include: rexZ, a kdgR homologue that activates production
of PCWDEs (Thomson et al., 1999) and AepA, acts as a transcriptional
activator, promoting the production of protease and cellulase (Liu et al.,
1993).

1.4 Biological control of plant pathogens

Plant pathogens cause great losses in the agricultural industry. In addition,
the global antibiotic crisis has raised the issue of finding reliable alternatives
(Debarbieux et al., 2016) to current methods such as antibiotics and copper
treatments that contaminate the soil (Balogh et al., 2008). The pesticide
market is worth 50 thousand million euros with the biopesticides being only
between 1500 and 2500 million euros, however growth of the biopesticide
sector is expected to outgrow other treatments in the future (Marrone, 2014).
In 2016 98% of Scottish seed potato crops were treated, being 65% of these
fungicides (other treatments included herbicides, insecticides and
molluscicides), on stored potatoes the percentage of pesticide treatments
lowered to 47% for seed potatoes and 11% on ware potatoes (Monie et al.,
2017). These were the main reasons that led to the re-evaluation of
alternative biocontrol methods (Elphinstone et al., 2018).

Soil microbiomes are extremely complex and diverse and display spatial
geographic patterns (Green et al., 2008; Andam et al., 2016; Zhao et al.,
2016). The abundance of viruses in soils ranges between 10" and 10° virus-
like particles per gram of soil (Williamson et al., 2003; Williamson et al.,
2005; Swanson et al., 2009; Srinivasiah et al., 2015). Environmental factors,
such as pH, temperature, rainfall and total nitrogen content play an essential
role in shaping the bacterial and viral communities in soil (Narr et al., 2017),
application of fertilisers increase viral concentrations in soils (Chen et al.,
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2014; Doan et al., 2014) and virus included in agricultural soils are less
diverse than those from forest soils (Williamson et al., 2005).

In plants the root microbiota has diverse functions including plant growth
promotion by providing nutrients, carbon sequestration and phytoremediation
by destroying phytopathogens (Weyens et al., 2009; Mendes et al., 2011) or
improving the plant resilience to heat, drought or salt (Firakova et al., 2007,
De Deyn et al., 2008; Rodriguez et al., 2008; van der Lelie et al., 2009), thus
enhancing crop productivity (Mei and Flinn, 2010). Moreover, roots influence
soil pH, structure, oxygen availability, antimicrobial concentrations and
quorum-sensing mimicry in their rhizosphere, as well as providing an energy
source of dead root material and carbon-rich nutrients (Marschner et al.,
1986; Dennis et al., 2010; Bulgarelli et al., 2012). Some research suggests
that microbial communities differ between plants (Hardoim et al., 2008;
Redford et al., 2010).

Current seed prevention measures include physical treatments, such as hot
water treatment (Mackay and Shipton, 1983; Afek and Orenstein, 2002), UV
or fluorescent light (Rocha et al, 2015) that proved to eliminate
Pectobacterium from the tuber surfaces. These methods are expensive and
can seriously damage the potato tubers (Robinson and Foster, 1987;
Perombelon et al., 1989). Chemical seed treatments included antibiotics
such as streptomycin and oxytetracycline or streptomycin and mercury
(Bonde and de Souza, 1954), kasugamycin or virginiamycin (Wyatt and
Lund, 1981; J. Bartz, 1999) or other organic compounds like
hydroxyquinoline (Harris, 1979), 5-nitro-8-hydroxyquinoline bromopol (2-
bromo-2-nitropropane-1,3-diol) and 7-chloro-1-methyl-6-fluoro-1,4-dihydro-4-
oxo-3-quinolinic carboxylic acid (Bartz and Kelman, 1986), organic and
inorganic salts such as aluminium acetate, sodium metabisulphite, potassium
sorbate, calcium propionate, sodium hypochloride or sodium bicarbonate to
name a few (Mills et al., 2006). All these treatments carry high phytotoxicity
risks and they do not target specific bacteria. Biological control treatments
include the use of Pseudomonas spp. (Cronin et al., 1997; Kastelein et al.,
1999), lactic acid bacteria (Trias et al., 2008), antibiotic-producing
Streptomyces spp. (Baz et al., 2012; J. W. Park et al., 2012; Balaraju et al.,
2016) or bacteria that quench quorum sensing signal molecules, including
Agrobacterium, Bacillus, Mesorhizobium, Pseudomonas, Rhodococcus or
Streptomyces (Uroz et al., 2003; Jafra et al., 2006; Jafra et al., 2006;
Mahmoudi et al., 2011; Crepin et al., 2012; Crepin et al., 2012,
Chankhamhaengdecha et al., 2013; Garge and Nerurkar, 2016). Recent
focus has been the development of lytic bacteriophages for Pectobacterium
and Dickeya spp. (Czajkowski, 2016a; des Essarts et al., 2016).
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Effective treatments have little or no effect on the surrounding environment
and the host plant (and/or neighbouring organisms), and they also keep their
stability at changing conditions: pH, temperature, UV radiation and moisture
levels that are found in the environment.

One approach when using phage therapy is the application of mixed phages
or “cocktails”, which would minimise the appearance of resistance in the
host. Ideally, the coevolution between bacteria and phage should be fully
understood to predict and limit resistance development (Samson et al.,
2013). Unlike chemicals, phage treatments can be adapted to overcome
bacterial resistance that had developed over time (Buttimer et al., 2017).
However, EU regulations (1107/2009 EC) require that any changes in a
phage formulation should be reregistered (Doffkay et al., 2015). There are
also different strategies when using phage treatment: phages are UV
sensitive, thus phyllosphere application should be done either in the evening
or at dawn (Balogh, 2002; Balogh et al., 2003; Iriarte et al., 2007). The use of
protective formulations (Wang and Sabour, 2010), that is suspensions
containing mainly milk, sugar and flour, have significantly increased the
longevity of phages on tomato leaves under field and greenhouse conditions
(Balogh, 2002). Instead of treating the phyllosphere, there are many studies
supporting rhizosphere treatment, moreover translocation of phages from the
root to the plant leaves through the plant vascular system has been tested
(Iriarte et al., 2012; Jones et al., 2012). The soil provides a more stable
environment, protected from UV radiation, where movement can happen
through mechanical action or fluid flow (S.T. Abedon, 2011), in fact there is
evidence that proved the persistence of phages in soil (Fujiwara et al., 2011).
Phages can play an important role modifying the soil environment, such as
the mineralisation process and the release of secondary metabolites from
bacteria (Karlovsky, 2008). In contrast, phages can be inactivated by
electrostatic interaction to clay particles (Ye et al., 2009), biolfiims that may
trap the phage (Storey and Ashbolt, 2001) and low pH levels (Sykes et al.,
1981). The phage must encounter directly its host to be infective and its
survival could be enhanced if they are inoculated together with a viable host
(Buttimer et al., 2017).
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1.4.1 Bacteriophages

For decades, bacteriophages have been models for viral replication research
and the model bacteriophages (lambda, T-even bacteriophages) have
contributed to the early development of molecular biology such as identifying
the basis of the genetic material, the code of nucleotide triplets to amino
acids (Crick et al., 1961), the restriction enzymes (Dussoix and Arber, 1962)
and the first sequenced genome, of phage $X174 of E. coli (Sanger et al.,
1977).

There are 10%' viral particles in the biosphere, most of them are
bacteriophages, or commonly known as phages. They need to infect bacteria
to survive and they coexist with a ratio of 1:10 (Wommack and Colwell, 2000;
Parikka et al., 2017), killing between 4 and 50% of bacteria produced daily.
Bacteria are constantly subjected to viral infection, with a rate of
approximately 10%* viral infections per second. The entire population turns
over every two days, and they provide the largest unexplored reservoir of
new genetic diversity on Earth (Suttle, 2005). Their densities have been
estimated to be up to 2.5 x 102 particles per ml and 1.5 x 10" particles per
gram in aquatic and soil environments, respectively (Ashelford et al., 2003).

1.4.2 Phage classification

A bacteriophage particle or virion consists of a single or double stranded
DNA or RNA, encapsulated in a protein or lipoprotein coat. The International
Committee on the Taxonomy of Viruses (ICTV) uses virion morphology and
the nucleic acid composition to classify bacteriophages at the family and
species levels (Simmonds and Aiewsakun, 2018). Over 95% of known
phages belong to the order Caudovirales (tailed dsDNA phages with
icosahedral heads) (Ackermann and Kropinski, 2007). Within this order,
approximately 60% of the characterised phages are Siphoviridae, with long
flexible tails, 25% belong to Myoviridae, with double-layered and rigid
contractile tails, and 15% are Podoviridae, with short noncontractile tails
(Figure 1-4).
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Figure 1-4: Basic morphology of the three families of the Caudovirales.
From left to right, schematic drawings of a Siphovirus (with a long, non-
contractile tail), Myovirus (with a long, contractile tail) and Podovirus (with a
short tail) are shown. Adapted from (Leiman et al., 2004) and (Serwer et al.,
2008).

The infectious cycle of virus replication comprises the moment when the
virus contacts the cell until they divide and the progeny viruses are released.
It is a complex process of adsorption (Chatterjee and Rothenberg, 2012),
structural modification of both host and bacteriophage (Mahony and van
Sinderen, 2012), transport of nucleic acid into the bacterial cell, and
avoidance of degradation once inside the host (Richter et al., 2012).
Productive infections or lytic cycle, occur when the viral DNA is a separate
molecule that replicates separately from the host, the release of the virions
happens from the destruction of the infected cell and its membrane. By
contrast, reductive infections or lysogenic cycle, are the ones that the phage
survives but the infection does not produce viral particles immediately, in fact
the phage nucleic acid is integrated into the host genome, which is then
called “prophage”, its replication occurs during reproduction of the host and
the viral particles are transmitted to daughter cells, these are called
temperate phages. The outcome of a lytic or lysogenic cycle on A phage
depends on the interactions of five regulatory proteins called ClI, CIl, Cro, N
and Q with a number of promoters in a regulatory region of the phage DNA.
Destructive infections occur when phages do not survive (Abedon, 2011).
The term “pseudolysogeny” is used when a lytic phage remains inside the
bacterial host, without integrating with the host genome, until better
conditions arise to complete the lytic cycle (Abedon, 2009). Transduction is a
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process mediated by phages (depending on the type of terminases they
carry) and it can be divided into generalised, when a fragment of DNA from
the bacterial host is transferred to the phage but does not integrate in the
bacterial chromosome, and specialised when specific set of genes from the
host DNA are packaged inside the viral head, transferred and integrated into
another bacterial genome, a different type of specialised transduction is the
lateral transduction where several hundred kilobases of host genome can be
packaged into the phage capsid (Chen et al., 2018).

Temporal and spatial studies have demonstrated an inverse correlation
between lytic and lysogenic cycles (Weinbauer et al., 2003; Colombet et al.,
2006; Pradeep Ram and Sime-Ngando, 2010). The lytic cycle is dependant
on environmental conditions and host physiology, and is commonly found in
nutrient-rich environments with high host abundance and activity (Maurice et
al., 2013). On the other hand, the lysogenic cycle depends on the variability
of prokaryote physiology, it improves the survival of both host and prophage
under unfavourable conditions (Wommack and Colwell, 2000; Chibani-
Chennoufi et al., 2004), the host gets immunity against superinfection by
closely-related bacteriophages but there would be a metabolic cost related to
replication of the viral genome (Paul, 2008). Some bacteriophages can
switch from lytic to lysogenic cycles depending on the abundance of a six-
amino acid peptide called arbitrium released in the media (Erez et al., 2017),
its concentration allows the viral progeny to estimate the amount of phages
that successfully completed a infectious cycle as the demand for viable hosts
increases after every phage release (Ofir and Sorek, 2018), this could
explain why at higher multiplicities of infection lysogenic cycles are more
likely to happen (Weitz et al., 2008). Nevertheless, some phages can also Kkill
their bacterial hosts without carrying out a lytic cycle in a process known as
‘lysis from without’, that could reduce bacterial numbers when the lytic cycle
is unlikely to happen (Ferguson et al., 2013).

Generally, the molecules involved as phage receptors have essential roles in
bacterial metabolism (Bertozzi Silva et al., 2016). The few bacteriophages
with receptor-binding to bacterial exopolysaccharides belong mostly to the
Podoviridae order (Bertozzi Silva et al., 2016). Upon receptor-binding, the
phage tail triggers a series of conformational changes that will effectively
inject the phage DNA and the core proteins inside the bacterial cytoplasm
(Casjens and Molineux, 2012). After ejection, the phage tail and capsid
collapse or disassemble, this step helps the resealing of the infected cell
membrane (Hu et al., 2013). Many phages need close interactions with other
bacterial components such as chaperones and transcription factors to
complete heir life cycles (Young and Gill, 2015). The host killing occurs prior
to the lysis step when the phage converts its host into a factory for making
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new phages (Kutter et al. 1994), they even increase the expression of host-
encoded genes during infection in Prochlorococcus (Clokie et al., 2011). In
Gram-negative hosts, bacterial cell lysis is a coordinated process mediated
by phage endolysins, that fusion the inner membrane with the outer
membrane, spanins that disrupt the peptidoglycan layer in the periplasmic
space (Rajaure et al., 2015) and holins, that produce holes in the host
membrane. It is worth mentioning that bacteriophages have broader host
ranges immediately after release than a few hours afterwards (Whitehead et
al., 1953).

1.4.3 Bacteria-Phage coevolution

There is increased evidence that shows the role phages play regulating
microbial populations (Fuhrman, 1999); the continuous interaction between
phages and their hosts shapes and determines the evolution of both
organisms, as they are subjected to related ecological selection pressures
(Salathé and Soyer, 2008). Even some phages have been responsible for
the development of bacterial virulence, as prophages or as vectors in
horizontal gene transfer through transduction (Verheust et al., 2010;
Penadés et al., 2015). Coevolution is ubiquitous and is thought to be
primarily responsible for the world’s biodiversity (Thompson, 2005), and it
reflects an arms race dynamic where phages retain the ability to infect
previously encountered bacteria and bacteria retain resistance to previously
encountered phages (Buckling and Brockhurst, 2012) following the Red
Queen hypothesis that describes predator/prey dynamics (Rodriguez-Brito et
al., 2010; Jover et al., 2013; Lim et al., 2015). This sort of coevolution
between a parasite and a host, is called antagonistic coevolution, and its fate
depends on different factors, such as the efficiency of attachment of phages
to host cell surface receptors, lysis time or burst size, but also depends on
the source of their diversity (either mutation, horizontal gene transfer or
recombination), the environmental conditions and the effects associated with
resistance and infectivity. Many lytic phage genomes are clearly shaped by
vertical evolution (Ceyssens et al., 2011). Bacterial species that are not
infected by phages within the same environment will proliferate until nutrient
availability becomes scarce or an infective phage is introduced (Koskella and
Meaden, 2013).

Phage adsorption is essential for phage replication as phages must bind to a
specific cell-surface receptor. From the perspective of the bacteria, survival
relies upon the selection of cells that are resistant to infection, thus
preventing viral proliferation and continuing the cell lineage (Avrani and
Lindell, 2015). Any modification in the bacterial cell receptor could result in a
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loss of this specificity (Rodriguez-Valera et al., 2009) (Figure 1-5), thus
avoiding infection, and it is usually associated to a fithess cost like reduction
in growth rate (Chao et al., 1977; Bohannan and Lenski, 2000; Middelboe,
2000; Lennon et al., 2007) or increased susceptibility to other phages (Avrani
et al., 2011; Marston et al., 2012; Castillo et al., 2014). The effect and extent
of cross resistance given by a resistance mutations depends mainly on
genetic correlations between bacterial resistance traits and the different
phage species (Wright et al., 2018).

Some phages develop diversity-generating retroelements (DGRs) that
contain two repeats (variable repeat and template repeat) and a reverse
transcription gene, this system generates high diversity of potential tail fibres
via reverse transcription of the template repeat in an error prone manner,
with up to 10" variants to overcome bacterial receptor mutations (Doulatov
et al., 2004). To prevent this, phages must target receptors that have an
important function in the bacteria (Icho and lino, 1978), then loss of phage
receptors can be too costly for the bacteria. A strategy that some bacteria
have developed to impede phage attachment is the production of an
extracellular matrix (Labrie et al., 2010), although there are phages that
produce enzymes that break down alginate (Glonti et al., 2010) and LPS-
dependent phages have the broadest spectrum of activity (Evans et al.,
2010). Post-entry resistance mechanisms have also evolved in bacteria
through different resistance mechanisms such as CRISPR, Restriction-
Modification and Abortive Infection (Abi) Systems (Figure 1-5), but there is
also strong evidence of phages overcoming these mechanisms (Chopin et
al., 2005; van der Oost et al., 2009; Stern and Sorek, 2012). In addition,
there are other defence mechanisms that have been discovered recently like
bacterial Argonautes (Swarts et al., 2014), the bacteriophage exclusion
system (BREX) (Goldfarb et al., 2015), the defence island system associated
with restriction-modification (DISARM) (Ofir et al., 2018) and others with yet
unknown mechanisms of action (Doron et al., 2018).
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Figure 1-5: Different stages of bacteriophage infection and resistance

mechanisms (adapted from (Frampton et al., 2012)).

1.4.3.1 CRISPR
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Clustered Interspaced Short Palindromic Repeats (CRISPR) confer host cell
immunity to phages by targeting and degrading foreign nucleic acids
(Barrangou et al., 2007; Sorek et al., 2013; Amitai and Sorek, 2016), it is
equivalent to Lamarckian evolution where the phage infection causes
heritable genetic mutations that confer an advantage against phage infection
(Ofir and Sorek, 2018). Present in about 40% of sequenced bacteria (Al-Attar
et al., 2011), they are acquired by horizontal gene transfer (Haft et al., 2005;
Godde and Bickerton, 2006).

Despite their wide distribution, the mechanism of this bacterial immune
system follows three basic steps: adaptation, expression and interference
(Garcia-Martinez et al., 2018). Adaptation, or spacer acquisition, implies the
integration of nucleic acids from foreign DNA (Amitai and Sorek, 2016),
fragments of this foreign DNA (called protospacers) (Deveau et al., 2008) are
next to short conserved sequences or the photo-spacer adjacent motif (PAM)
and they correspond to the specific nucleic sequences they target (Labrie et
al., 2010). The transcription of a CRISPR array generates a multispacer RNA
(pre-crRNA) that requires the participation of Cas proteins (Brouns et al.,
2008), every resulting mature crRNA remains assembled to the Cas protein
in a CRISPR ribonucleoprotein (crRNP) complex. During CRISPR
interference, the crRNP complex recognises and cleaves the spacer-
complementary sequences and results in the elimination of these molecules
(Garneau et al., 2010). Based on the composition of the interference
complexes, the CRISPR-Cas systems can be divided into two classes: Class
| systems are multi-subunit whereas Class Il contain only one protein
(Savitskaya et al., 2016). Class | is subdivided into Types I, lll and IV and
Class Il is subdivided into Types Il, V and VI depending on the associated
Cas protein.

CRISPR-Cas provides a heritable memory of past infections that is
sequence-specific, but the bacterium must survive the viral infection
(Abedon, 2012). Phages can overcome this resistance mechanism with a
point mutation in the appropriate region of its own genome (Barrangou et al.,
2007) or with the presence of anti-CRISPRs that inhibit the activity of
CRISPR-Cas systems that are very specific (Borges et al., 2017). Bacteria
can develop resistance to multiple phages as a result of coevolution. This
system in phytopathogens is limited to P. atrosepticum (Przybilski et al.,
2011), Erwinia amylovora (Rezzonico et al., 2011) and Xanthomonas oryzae
(Semenova et al., 2009). P. atrosepticum carries Type I-F CRISPR-Cas that
recruits the trans-acting nuclease-helicase Cas2-Cas3 protein (Makarova et
al., 2015) that forms a complex with the protein Cas1 to acquire new spacers
(Fagerlund et al., 2017) and degrade the target molecule. Currently, the
CRISPR-Cas system has many utilities in molecular biology, including
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transcription repression (Luo et al., 2015; Rath et al., 2015), manipulation of
bacterial communities (Bikard et al., 2014) and loss of cell resistance to
antibiotics (Bikard et al., 2014).

1.4.3.2 Restriction-Modification

Restriction-modification systems are one of the most prevalent
bacteriophage resistance mechanisms, present in approximately 90% of
available bacterial sequences (Mohapatra et al.,, 2014). Bacteria produce
restriction endonucleases (REN) that cut unmethylated DNA at specific sites,
thus protecting their own DNA by methylation (Tock and Dryden, 2005), like
the toxin-antitoxin system restriction-modification systems mediate plasmid
maintenance (Kulakauskas et al., 1995). Simultaneously, phages have
evolve diverse mechanisms to protect themselves, these include the loss of
restriction enzymes, evolve their own methylase genes and the use of
unusual bases (i. e. hydroxymethyl cytosine instead of cytosine in
bacteriophage T4) (Labrie et al., 2010). This mechanism is not essential for
short-term coevolution but it serves as a metabolically inexpensive Kkilling
mechanism for targeting foreign DNA (Abedon, 2012).

1.4.3.3 Abortive Infection Systems (Abi)

This is an extreme response to phage infection that results in bacterial cell
death, providing protection to the bacterial population but also has other
important roles in bacterial physiology such as stress response (Wang and
Wood, 2011), developmental processes (Kim et al., 2009) and persister cell
development (Gerdes and Maisonneuve, 2012). In the vast majority of cases
they are encoded by chromosomal DNA (Sberro et al., 2013). Abortive
infection needs a toxic or bacteriostatic molecule along with another
molecule that protects the host cell. Thus, there is a strong connection
between Abi and toxin-antitoxin systems (Short et al., 2018).

1.4.3.3.1 Toxin-Antitoxin (TA) Systems

This Abi system is homologous to the multiple “toxin-antitoxin® (TA) loci on
the chromosomes of bacteria and archaea (Buts et al., 2005). And they rely
on the dual activity of a toxin and its antagonistic antitoxin (Gerdes et al.,
2005), which are unstable molecules that require to be constantly synthetised
in order to inactivate the toxin (Gerdes et al., 2005; Short et al., 2018). TA
loci fall into six categories depending on the nature and mode of action of the
antitoxin: type | and Il antitoxins are RNAs and type IlI, IV, V and VI are
proteins (Goeders and Melderen, 2014). Acting as a protein-RNA TA pair,
specifically it is a type lll TA system where the RNA antitoxin interacts
directly with the toxin protein (Dy et al., 2014), these type Il systems are
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acquired by horizontal gene transfer (Blower et al. 2012) and result in slower
phage maturation and reduced burst size (Fineran et al., 2009).

In P. atrosepticum, ToxIN protects against phage infection using abortive
infection. ToxN is a sequence-specific endoribonuclease that is needed for
cell toxicity and phage defence (Blower et al., 2011; Short et al., 2013) and
Toxl is both a substrate and inhibitor of ToxN. The tox/N locus is present in
the pECA1039 plasmid (Fineran et al., 2009; Samson et al., 2013; Dy et al.,
2014), like most of these systems, its phylogenetic distribution is a result
from horizontal gene transfer (Blower et al. 2012). $A2 and ¢M1 are clear
examples of phages that are involved in this toxin system: single-base
mutations in a single open reading frame evade the Abi system in ¢M1
(Blower et al., 2017). $TE contains a locus that is similar to the sequence of
Toxl (which gets amplified), this phage escapes the abortive system by
mimicking the shape of Toxl antitoxin, ensuring viral replication within the
host (Blower et al. 2012).

1.4.3.4 Phage genomics

There is clear evidence that phage diversity is very high even between
phages that infect the same host (Kwan et al., 2006). Phages that are almost
identical at the nucleotide level can show variability in their phenotypic
characteristics (Ceyssens et al., 2011): for example small point mutations
help the avoidance of restriction-modification systems (Labrie et al., 2010),
as well as mutations responsible for host-range interactions that accumulate
in noncore genes in genomic islands (Avrani and Lindell, 2015). The infection
process could potentially generate new genomic arrangements through
recombination in the host cell (Pedulla et al., 2003), a process likely to have
occurred throughout bacterial evolution (Hendrix, 1999).

Caudovirales genomes are linear dsDNA, containing between 27 to over 600
genes tightly packed, highly clustered and normally arranged in large
operons. Their genomes normally contains all the information encoding for
DNA packaging, head, tail, DNA replication, transcription regulation, lysis
genes and even homologous genes to their hosts (Clokie et al., 2011).

The gene expression of phages is a highly coordinated process where
groups of genes are sequentially expressed: the host RNA polymerase will
recognise strong promoters in the phage genome leading to transcription of
“early genes”. Phage infection triggers host stress response signals, if the
virus has evolved to use these gene products it gains a fithess advantage
(Lindell et al., 2007). Along with this, when the phage genome is injected in
the host cell some virion proteins are also be introduced (Guttman et al.,
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2005), and these proteins hijack the host cell metabolism.

In some lytic cycles, the phage genomes are circularised (Figure 1-6)
through complementary overhangs in the termini and the standard bacterial
“theta” mode is used for circular-DNA replication (Kutter and Sulakvelidze,
2004), some circular DNA adopt the rolling-circle replication mechanism to
generate several head-to-tail concatemers that will serve as substrates for
the DNA packaging (Rao and Feiss, 2008). There are reported at least eight
types of genomic termini in dsDNA phages (Table 1-2): lambdoid phages
with 5’ overhang cohesive ends, phages with 3’ overhang cohesive ends,
phages with direct terminal repeats and no circular permutation (these
include T7 and T3 phages), phages with both terminal redundancy and
circular permutation, phages with terminal redundancy and circular
permutation but no obvious pac site (this incudes phage T4), phages with
direct terminal repeats and protein adhering to each end of the genomic
DNA, phages with host DNA fragments at each end of their genome and
phages with short and variable length direct terminal repeats with a unique
sequence at the left genome termini and differing sequences at the right
genome termini, present in N4-like phages (Ohmori et al., 1988; Catalano et
al., 1995; Casjens, 2005; Born et al., 2011).

Assembly of the phage capsid occurs as a highly regulated process and is
encoded by late genes (Casjens, 2008). They share a common mechanism
for DNA packaging where the protein procapsid gets assembled first and the
DNA molecule is then pumped into the procapsid by an ATP cleavage-
powered DNA translocase (Catalano, 2005), a terminase is responsible for
cutting the DNA both at the start and at the end of the genome packaging
process (Casjens and Gilcrease, 2009).
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Figure 1-6: Viral genome circularisation in the host cytoplasm. Phage
genomes circularise to avoid the host endonucleases, the different
mechanisms depend on the nature of the genome terminal ends (adapted
from (Swiss Institute of Bioinformatics, 2013)).

Phage Incoming virion DNA Replication strategy End state replicated DNA
A Linear with 5° 12-base complementary Closed circle switching to rolling  Linear concatemer
ends (cohesive ends) circle
P22 Linear with 104% terminal redundancy Recombination with extension Linear concatemer
via direct repeats
$29 Linear with covalently attached gp3 at5  Gp3-primed extension, strand Unit length with gp3 covalently
ends displacement attached at 5’ ends
T3 (T7) Linear with 230 (160) base pairs direct Recombination with extension Linear concatemer
repeats via direct repeats
T4 Linear with 102% terminal redundancy Invasive strand initiated via Branched concatemer

terminal redundancy

Table 1-2: Viral DNA replication of different dsDNA bacteriophages.
Phage DNA has different replication strategies based on the genomic termini
(adapted from (Calendar and Abedon, 2005)).
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1.4.3.4.1 Vertical evolution of T4-like genomes

T4-like phages are a clear example of vertical evolution in bacteriophages.
About 90% of the known T4-like phages grow on E. coli or other
enterobacteria. Their genomes consist of a conserved core that contains the
essential genes for viral multiplication (Filée et al., 2006). This genomic
design provides a very successful multiplication strategy, but also the
flexibility for adaptation to the environment. The most conserved genes
encode for the structural components of the virion (“late genes”) and genes
encoding for replication (Comeau and Krisch, 2008). T4 recombines most
efficiently early in infection (Krisch et al., 1972) and it only requires 50bp of
homology to recombine at a good frequency (Singer et al., 1982). This
process could replace one adhesion-recognising domain by another one,
potentially changing the host range of the phage (Tétart et al., 1998). This
can be advantageous for the phage as it might give access to a new
ecological niche.

1.4.3.4.2 Genetic mosaicism in temperate phages

Mosaicism is a common feature for some temperate phages, this
characteristic arises from an exchange of gene modules between the host
and the phage. This is a clear example of horizontal gene transfer (HGT),
which is a major factor in phage evolution (Hendrix et al., 2000; Hatfull,
2008), is a viral-mediated process called transduction. The recipient
bacterium both survives and integrates the DNA into its genome through
random nonhomologous recombination (Paolozzi and Ghelardini, 2006).
Moreover, temperate phages also contain genes responsible for integration
into the host genome, the integrases.

1.4.3.5 Endolysins

After the events of virion assembly and phage DNA packaging, all dsDNA
phages degrade their host peptidoglycan layer using an essential genome-
coding enzyme: the endolysins (Young et al., 2000; Wang, 2006). There are
at least six classes of endolysins described: N-acetyl-B-D-glucosaminidase,
N-acetyl-3-D-muramidase, lytic transglycosilase, N-acetylmuramoyl-L-alanine
amidase, L-alanoyl-D-glutamate endopeptidase and D-alanyl-glycyl
endopeptidase (Young, 1992; Loessner, 2005; Fischetti, 2010; Schmelcher
et al., 2012; Schmelcher et al., 2014), and they are composed of an active
binding domain (CBD) and a cell wall-degrading domain that direct the
enzyme to its target structure (Loessner, 2005). Each endolysin plays a
different role within the lysing process that occurs within seconds of first
contact with the bacterial cell wall, a tail-located lysin mediates the localised
cell wall hydrolysis that allows the DNA translocation after host recognition
(Letellier et al., 2004; Sciara et al., 2008). During infection, they accumulate
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in the intracellular space until a small hydrophobic membrane spanning
protein, a holin, produces pores in the inner membrane, revealing the
peptidoglycan layer for the endolysin (Wang et al., 2000; Young et al., 2000;
Young, 2002). The N-acetylmuramoyl-L-alanine amidases cleave the
peptidoglycan bond between the N-acetylmuramic acid residues and L-
alanine residues, the phage glycosidases belong to the lysozyme-like
superfamily and they catalyse the glycolytic cleavage of the O-glucosidic
bond of the bacterial peptidoglycan, and the endopeptidases cleave short
peptides that link the sugar polymers of the peptidoglycan (Oliveira et al.,
2013), at some point the cell wall is no longer able to withstand the osmotic
pressure within the cell and the virion particles are released with the
consequent lysis. There is extensive research that uses these endolysins as
biocontrol agents as they work in a species-specific manner (Loessner,
2005).

1.4.4 Use of bacteriophages as biocontrol agents (BCAs)

There are different steps required for using bacteriophages as BCAs, phage
host-range, stability and the ability to lysogenise and transduce must be
determined to ensure safety (Verheust et al., 2010; Frampton et al., 2012),
as these could alter the pathogenic potential of their hosts (Young and Gill,
2015):

1.4.4.1 Collection of bacterial strains

It is essential to obtain a representative collection of the bacterial strains
associated with the infection in the geographic location where the disease
develops (Balogh et al., 2010), preferably from reference collections (Casey
et al., 2018).

1.4.4.2 Isolation of phages

Phages can be obtained directly from infected plants, water or from the soil
where they grow using the soft agar overlay technique and with a range of
the host pathogens. Using the plaque assay, the phages that infect specific
bacterial strains can be recovered and purified with three successive single-
plaque isolations (Gill and Hyman, 2010).

It is essential to determine the host range of each phage to design an
effective cocktail which will infect all known pathogenic strains, for example,
by using polyvalent phage preparations, composed of phages that recognise
different bacterial receptors (Blower et al., 2010), as these bacteriophages do
not compete with one another the host will not likely develop resistance
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against the phages. Alternatively, the step-by-step (SBS) method of isolation
that consists of the successive infection of phages with the strain of interest
and a bacteriophage-insensitive mutant until a phage that is active against
this strain is isolated, this process continues until the latest phage-resistant
host is sensitive to the original phage (Casey et al., 2018). Another option is
using combination therapy: by using bacteriophage and antibiotic therapy
combined to minimise resistance mechanisms (Casey et al., 2018).

1.4.4.3 Phage characterisation

Phages need to be fully characterised to ensure that they are appropriate
BCAs. Methods such as genome sequencing are used to detect any
virulence factors, toxin-encoding genes (Koskella and Meaden, 2013),
presence of integrases, site-specific recombinases and repressors of the lytic
cycle (Weber-Dabrowska et al., 2016), and it would allow the design of
quantitative PCR strategies to track phages in future field trials (Lehman,
2007). Nevertheless, tailed phage families cannot be easily diagnosed using
genomics alone and electron microscopy is also necessary (Ackermann and
Kropinski, 2007). To determine the one-step growth curve at conditions likely
to be found in the field such as temperature or pH, as well as host factors
such as bacterial concentrations, metabolic state and/or presence of phage
defence mechanisms (Barrangou, 2015; Barrangou and Van Der Oost, 2015;
Bryan et al., 2016). Optimal storage conditions for the phages is also an
important factor to be considered (Balogh et al., 2010).

1.4.4.4 Trials of phage as a BCA

Once phages have been characterised, it is necessary to scale-up phage
preparations for the field trials, this requires knowledge about the
characteristics of the phage (Ackermann et al., 2004), and also determine
possible interactions with their environment as some experiments suggested
that some bacteriophages decreased plant growth or did not show any
improvements when compared to common treatments (Gill and Abedon,
2003; Kocharunchitt et al., 2009; Ye et al., 2009). To measure the success or
failure of phage treatment, traditional enumeration assays or gPCR can be
used (Lehman, 2007). There are diverse factors that could determine the
effectiveness of the treatment, that include the complexity of the natural
environment, with complex interactions of the microbiome surrounding the
infection site (Adriaenssens et al., 2012), the presence of fertilisers or the
type of water (Ravensdale et al., 2007) and the stability of the phages under
environmental conditions, including pH, temperature, UV and moisture levels
(Iriarte et al., 2007). Other factors like phage concentration, method of
treatment (irrigation, use of solvents, etc.), application frequency and
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application methodology, such as using a living bacterial cell delivery that
ensures phage survival (Lehman, 2007; Svircev et al., 2010), should also be
taken into account.

Bacteriophages are ideal candidates as BCAs because they are often found
within the infected plant, they are naturally-occurring, self-replicating, non-
toxic to other eukaryotes, very specific, environmentally friendly and cheaper
than antibiotics (Miedzybrodzki et al., 2007).

The efficacy of several phage preparations to control bacterial pathogens has
been successfully tested against fruit (Leverentz et al, 2001), sausages
(Whichard et al., 2003; Guenther et al., 2012), cheese (Modi et al., 2001),
seafood (Guenther et al., 2012), eggs and milk (Guenther et al., 2012; Marti
et al.,, 2013) and dried pet food (Heyse et al. 2015). Proof-of-concept
experiments were used against Pectobacterium carotovorum subsp
carotovorum (Eayre et al., 1995), for prevention of potato tuber decay caused
by Pectobacterium atrosepticum (Balogh et al., 2010) and for control of
Pectobacterium carotovorum subsp carotovorum infections in calla lily
(Ravensdale et al., 2007). Other experiments proved the efficiency of
LIMEstone phage incubated with potato seed tubers in a field trial, and how
these prevented maceration of tuber tissue (Adriaenssens et al., 2012). The
Scottish company APS Biocontrol has developed a bacteriophage-based
wash solution that prevents soft rot development on potato tubers (Branston,
2012).

1.5 Nanoparticles

A new approach aimed at exploiting bacteriophages for use as vectors or as
matrices for use in nanomedicine (Hemminga et al., 2010; Rakonjac et al.,
2011; Fan et al., 2012; Hyman, 2012), these are called bionanoparticles or
bioorganic particles. Richard Feynman was the first to highlight the potential
of nanomaterials for our society during his famous lecture “There is plenty of
room at the bottom” at Caltech University (Feynman, 2012). By definition,
nanoparticles would include all particles with a diameter size between 100
and 2500 nanometers. They are of great interest in science, because at
nanoscale dimension, the properties of the material may change dramatically
compared to their bulk counterparts. As the size of the material decreases,
the proportion of surface atoms increases, augmenting their reactivity
(Hanemann and Szabd, 2010). As a result, nanotechnology is envisaged to
become the cornerstone for a diverse number of industrial sectors, including
textile, micro-informatics, energy, paper, agronomy and many more (Linkov
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et al., 2009), with an estimated annual turnover of 75.8 billion US dollars by
2020 (Research and markets, 2015).

1.5.1 Synthesis

Nanoparticles can be obtained from various materials using physical,
chemical or biological methods. Evaporation-condensation and laser
reduction ablation are among the physical methods (Iravani et al., 2014). The
synthesis of nanoparticles using chemical methods has been proved to be
more effective, but they have been associated with environmental toxicity
(Kango et al., 2013), these include chemical reduction using sodium citrate,
ascorbate, Tollens reagent and polymeric compounds as an example. The
biological methods for nanoparticle synthesis has proven to be a good
alternative, these include the use of microorganisms (Konishi et al., 2007;
Shivaji et al., 2011), enzymes (Willner et al., 2006), fungi (Vigneshwaran et
al., 2007; San Chan and Mat Don, 2013) and plants or plant extracts (Ahmad
et al., 2011; Akhtar et al., 2013).

1.5.2 Attachment of organic molecules onto nanoparticles

The covalent conjugation to polymers and polymeric surfaces is a particularly
important modification for the preparation of proteins and protein complexes
(Jutz and Boker, 2011), and is linked to the progress in the elaboration of
well-defined functional polymers via controlled polymerisation techniques.
Techniques for immobilising enzymes can be generally divided into two
categories: chemical and physical methods. Chemical methods are
irreversible and they rely on the formation of a least one covalent bond
between one or more of the molecules to be attached to the polymer matrix.
Physical methods form reversible bonds and they include adsorption by
electrostatic interaction and entrapment within microcompartments. This
latter process involves entrapment of the molecules of interest within gel
matrices or semi-permeable microcapsules for example. A corona discharge
method or the modification of macromolecular biological drugs and drug-
delivery complexes with polyethylene glycol (PEG), which is an established
method to enhance blood circulation time and stability, avoiding non-specific
binding and immunogenicity (Jain and Jain, 2008). More recent research
applied to bacteriophages used a combination of both methods: the
electrostatic interactions between the viruses and a surface were used for
the correct orientation of the bacteriophages, followed by plasma
polymerisation to bond covalently to the polymer used (Wang et al., 2016;
Zhou et al., 2017).

43



1.5.3 Immobilisation technique: corona discharge

Different techniques have been developed to bind phages to different
surfaces, including gold (Singh et al., 2009; Arya et al., 2011) or silica
(Cademartiri et al., 2010). A corona discharge is, by definition, a gas
discharge where electrode geometries control and confine ionisation
processes of gases in a high-field ionisation treatment (Goldman et al.,
1985). The corona geometry is called positive, negative, bipolar, alternating
current (AC), direct current (DC) or high frequency (HF), depending on the
polarity of the active electrode. All corona discharges present a large low
field drift region located between the ionisation zone and the passive
electrode (Denes and Manolache, 2004). lon and electrons entering the drift
space undergo neutralisation, excitation and recombination reactions (Figure
1-7).
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Figure 1-7: Interactions of plasma-generated species with the substrate.
These include electrons, ions, molecules and free radicals formed in the drift
region of the corona discharge (adapted from (Denes and Manolache,
2004)).
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The drift region is characterised by its neutral chemistry formed by the
ionisation energies and the species escaping the ionisation zone (with lower
energy) (Figure 1-8). There are two very different types of DC and low
frequency AC coronas:

Unipolar conduction coronas (positive-, negative-, glow coronas, negative
Trichel pulsed coronas, and positive-glow coronas), the ionisation regions
are located very closed to the stressed electrode, the drift region currents
depend on the voltage and the nature of the “dielectric gap”.

Bipolar conduction coronas (Streamers), with a point-to-plane electrode
configuration and with higher current values at the positive point polarity, as a
consequence, an ionising positive plasma channel (or streamer) originates
from the point electrode towards the plane electrode. This plane cathode is
subjected to a pulse glow discharge with ion energies as high as 100eV.
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Figure 1-8: Drift region in different corona discharges. The ionisation
regions from the corona discharge are immediate to the stressed electrode,
the drift regions, between the ionisation region and the passive electrode, are
characterised by its neutral chemistry (adapted from (Denes and Manolache,
2004)).
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An “electric wind”, which is a charged particle flux, is formed from the transfer
of energy from the charged particles to neutral gas molecules due to inelastic
collisions. During this cold-plasma-mediated process, gas phase and surface
reaction mechanisms occur, creating charged species, including atoms,
molecules, free radicals, ions (+ or -), excited species, electrons and photons
(Denes and Manolache, 2004). Ozone is one of the compounds created by
this process, and it rapidly dissociates to molecular oxygen and oxygen
radicals, that could result in crosslinking any polymers used. This covalent-
bonding method has been used successfully with bacteriophages on
polyhydroxyalkanoate surfaces (Wang et al.,, 2016), retaining both good
phage activity and high surface density. The hydroxyl groups, carboxyl
groups and peroxide groups formed during the plasma treatment improved
bacteriophage attachment (Wang et al., 2016).

Over time, treated surfaces returned to their initial unattached state, due to
the rearrangement of polar chemical groups from the surface of the material
to the bulk (Schamberger et al., 1994) and the diffusion of functional groups
into the polymer matrix (Paynter, 2000).
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1.6 Project aims
The main hypothesis for this project is to test the ability of phage-coated
nanoparticles to control bacterial disease in plants.

The control of bacterial diseases of crops using bacteriophages that
selectively kill the causative pathogen. Bacterial diseases of plants affect
their growth and spoil their products post harvest. Disease control relies on
preventing the spread of bacteria rather than plant treatment as, at present,
no economical treatment exists. As an alternative to chemical control, it may
be possible to use phages for the prevention of plant diseases. It is the aim
of this project to address the use of phage-coated nanoparticles (PCNs) for
the control of plant bacterial diseases and increase the efficiency and
sustainability of crop production in the food chain. The targeted use of
phages to control plant disease removes the negative environmental impacts
of broad-spectrum antibacterial agents.

Fixed-Phage (FP) specialises in the immobilisation of phages onto surfaces
and nanoparticles, which dramatically increase phage persistence. The
evaluation of PCNs for the control of bacterial plant disease and to test the
hypothesis that PCNs protect plants against bacterial pathogens.

The project involves the application of microbiology, molecular biology,
microscopy and plant pathology techniques and it has the following
objectives:

Isolation of a set of bacteriophages against different species of P.
carotovorum and P. atrosepticum.

Characterisation of these phages using general microbiology, sequencing
and microscopy, as well as evaluating the kinetic properties of the infective
process.

Immobilisation onto nanoparticles by corona discharge and test their stability
as compared to free phages.

Treatment of tomato plant seedlings and potato slices with the PCNs and test
phage uptake and survival in planta using microscopy.

This multidisciplinary project develops a partnership between the academic
and industrial partner increasing the understanding of phage-host
relationships in the environment as well as to generate a novel system for the
control of plant bacterial disease, respectively.
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2.0 Materials and methods

48



2.1 Bacterial strains, culture and storage

Bacteria Reference | DSMZ/ATCC | Isolation | Growth
number sample conditions

Pectobacterium | (Jones, DSM 30168 | Solanum | Nutrient agar
carotovorum 1901) tuberosum | at 26°C
subsp.
carotovorum
Pectobacterium | (Van Hall, | DSM 18077 | Solanum | Nutrient agar
atrosepticum 1902) tuberosum | at 30°C
Pectobacterium | (Goto and | DSM 18074 | Eutrema Nutrient agar
wasabiae Matsumoto, wasabi at 28°C

1987)
Pectobacterium | (Van Hall, | ATCC BAA- | Solanum | Nutrient agar
atrosepticum 1902) 672 tuberosum | at 26°C
SCRI 1043

Table 2-1: Bacterial strains used for this project. All bacterial strains used
for this project were acquired from Deutsche Sammlung von
Mikkroorganismen und Zellkulturen (DSMZ) and the American Type Culture
Collection (ATCC), all belonged to the same risk group 1.

All bacteria were revived upon arrival and stored at -80°C (Table 2-1).
Glycerol stocks were prepared by mixing 670ul of overnight grown liquid
culture and 330ul of sterile 80% (w/v) glycerol, and stored at -80°C. Stock
cultures were prepared on solid media monthly from these glycerol stocks
and incubated at 30°C for 48 hours, the plates were then stored at 4°C for up
to a month. Liquid culture was inoculated from an individual colony and
incubated overnight at 30°C with shaking at 180rpm.
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2.2 Media

Plant and bacterial media were made following the recipes displayed in Table
2-2.

Media Composition (per litre)
Nutrient broth 1g “Lab-Lemco” powder
(Oxoid) 2g yeast extract
5g peptone
5g NaCl
Nutient agar 13g nutrient broth
(Oxoid) 20g agar
Soft nutrient | 13g nutrient broth
agar 79 agar
(Oxoid)
Plant media 4.3g Murashige and Skoog basal salt mixture (Sigma-
Aldrich)*
15¢g sucrose
79 agar
1ml vitamin mix**

Table 2-2. Composition of different bacterial and plant growth media. All
media were sterilised by autoclaving at 121°C for 20 minutes (15 psi).

* Commercial media used for plant tissue culture, composition (per litre):
1650mg (NH4)NO3, 6.2mg H3BOs, 332.2mg CaCly, 0.025mg CoCl,¢6H,0,
0.025mg CuS0O4°5H,0, 37.26mg Na,-EDTA, 27.8mg FeS04*7H,0, 180.7mg
MgSQ4, 16.9mg MnSO4°H,0, 0.25mg Na;MoO4°2H,0, 0.83mg Kl, 1900mg
KNO3, 170mg KH2POy4, 8.6mg ZnSO4.

** Vitamin mix solution (per litre): 0.5mg thiamine HCI (vitamin B1), 2mg
glycine, 5mg nicotinic acid, 0.5mg pyridoxine HCI (vitamin B6), 0.05mg folic
acid***, 0.1mg biotin (vitamin B7) and 10mg myo-inositol. This solution was
added to cooled-down media after sterilisation using 0.22um filter.

*** Dissolved 50mg folic acid in 0.5ml 1N NaOH and diluted down to 10ml of
ddH,0.

2.3 Bacterial growth

Nutrient broth (100ml) in a 250ml conical flask was inoculated with bacterial
strains and grown overnight to give a final OD of 0.001. This culture was
incubated at different temperatures (10, 20 and 30°C) under shaking
conditions (200rpm). Growth was measured using OD at 600nm, every 30
minutes approximately, until no further growth was detected (up to 10 hours).
The natural logarithm of the OD values were then plotted against time and
the growth rate “u” was calculated (Hall et al., 2014), for each type strain and

temperature, as the slope formed during the exponential phase of growth
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(straight line formed when using the logarithm to the base of 10 of the data)
plot against time (Madigan et al., 2014).

2.4 Bacteriophage isolation, titration and storage

2.4.1 Double-agar overlay technique

Double-gar overlay technique was performed as described by Cormier
(Cormier and Janes, 2014). The bottom layer of 2% nutrient agar was first
poured into Petri dishes. Subsequently, a top layer of 0.7% soft nutrient agar
and 100ul of overnight-grown bacteria were added and allowed to solidify at
room temperature under sterile conditions. A 100ul solution of the
bacteriophage tested was either mixed with the top layer before it was
poured or spot-inoculated onto this top layer. These plates were left at room
temperature overnight and checked for plaque formation the following
morning.

2.4.2 Bacteriophage isolation: enrichment method

Environmental samples (soil, potato peelings or infected potatoes) were
mixed with nutrient broth and 100pul of an overnight grown bacterial culture in
a test tube, and incubated overnight at room temperature. This solution was
filter-sterilised (using a 0.22um membrane filter) and tested for plaque
formation.

In the case plaques were formed, a single plaque was removed from the top
agar layer, submerged in PBS (Table 2-3) and incubated for at least 2 hours
at room temperature. The lysate was then filtered through a 0.22um
membrane filter. This procedure was repeated 3 times for newly isolated
bacteriophages.
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2.4.3 Bacteriophage stock production

Stocks were recovered from 20 round (9cm diameter) or 6 square Petri
dishes (120 x 120cm). Buffer (PBS or SM) was poured onto the plates to
cover the agar and let to incubate at room temperature for a minimum of 2
hours, this buffer was then filter-sterilised and centrifuged at 35000 x g at 4°C
for 20 hours using the high speed centrifuge Avanti J-301 and rotor JA30-10.
The supernatant was discarded and the pellet was resuspended in 1-2ml of
buffer. The stock was kept in the fridge for up to one year and its titre was
determined.

2.4.4 Bacteriophage titration and storage

Stock solutions of bacteriophages were serial-diluted using either PBS or SM
buffer, 10ul of each solution was spot-inoculated onto the top agar layer
containing the bacteria of interest (in triplicate). Plates were let to dry and
incubated at room temperature overnight. The number of plaques was
counted and the concentration of the original viral stock was calculated by
multiplying the dilution factor and the volume used, as per plaque-forming
units per ml.

Phage stocks were kept in PBS or SM buffer (Table 2-3) at 4°C for medium
to short-term storage, these stocks were renewed annually to keep a high
titre. Long-term storage was used for initial stocks, in PBS or SM buffer, at -
80°C.
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Buffer Composition (per litre)

PBS (Phosphate-buffer saline) 8g NaCl
(Oxoid) 0.2g KCI

1.15g Na;HPO,
SM buffer 5.8g NaCl

29 MgSO4¢7H,0
50ml 1M Tris HCI (pH 7.4)

TE buffer 10ml 1M Tris-HCI (pH 7.5-8)
2ml 0.5M EDTA (pH 8.0)

50X TAE buffer (Tris Acetate-EDTA)* | 242g Tris base
57.1ml Glacial acetic acid
100ml 0.5M EDTA (pH 8.0)**

10X DNA loading dye 3.9ml glycerol

500ul 10% (w/v) SDS

200ul 0.5M EDTA

0.025g bromophenol blue

up to 10ml with distilled sterile water

Table 2-3. Different buffers used for storage and serial dilution of the
bacteriophages as well as for DNA storage and manipulation.

* 50X TAE buffer should be diluted down to 1X before use.

** pH was adjusted to 7.2 and distilled sterile water was added to a final
volume of 1000ml.

2.5 Plaque morphology

The properties of the plaques formed upon infection were part of the
characterisation of each bacteriophage, these included not just the
morphology but also the transparency, presence of a halo, homogeneity of
the plaques formed and the size when comparing plaques formed using the
same media and incubation conditions.

A minimum of 20 plaque images were taken and their contrasts were
enhanced using Adobe® Photoshop® software. The images pixels were
transformed into millimeters and the plaque areas were selected by hand
using ImagedJ 1.50i software, the plaques areas were exported to Microsoft®
Excel® for Mac 2011 (version 14.7.2) and their median, Q1, Q3, minimum
and maximum values calculated and plotted. Values had a normal
distribution, and an ANOVA two-tailed t-test with p < 0.001 was performed
using StatPlus for Mac LE (version 6.2.21).
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2.6 Host range and efficiency of plating

The phage stocks with concentrations of approximately 10%pfu/ml were spot-
inoculated onto a lawn culture of each of the Pectobacterium strains (Table
2-1) using the double agar overlay technique (section 2.4.1). The presence of
plaques on the lawn indicated that the phage was infective against that
strain.

Once the host range was determined, the bacteriophage stock was serially
diluted 10-fold and a 10ul aliquot of each dilution was spot-inoculated onto a
bacterial lawn for each susceptible strain as mentioned above. The relative
efficiency of plating (EOP), that is the titer of the phage on a given bacterial
cell line compared to the maximum titer observed (Kutter, 2009), was
calculated for each phage-host system as follows:

number of plaques formed (per ml)

Efficiency of plating =
yorp 9 number of plaques formed in host lawn (per ml)

The ratios obtained were divided into 4 categories (Viazis et al., 2011): high
production for ratios equal or above 0.5, medium production for ratios
between 0.1 and 0.5, low production for ratios between 0.1 and 0.001 and
inefficient production with ratios below or equal to 0.001 (less than 0.1% than
the original strain).

2.7 Transmission electron microscopy (TEM)

Stocks containing 10™"pfu/ml were used for electron microscopy. Formvar
carbon-coated on 200 mesh thick copper grids were placed in a pump
vacuum to induce hydrophilicity, 50ul of the high titre lysate was loaded onto
the grid and left for 2 minutes, the excess sample was blotted using filter
paper and the grid was placed on a drop of water (this wash step was
repeated three times), the grid was placed on a drop of 2% (w/v) uranyl
acetate (this step was repeated twice) and the uranyl acetate drop was left
on the grid for about 5 minutes before blotting using filter paper. The grids
were examined at 200kV with 20K and 40K magnification in a JEOL 2200 FS
microscope and images were recorded on a TVIPS 4kX4k CCD camera. The
images pixels were transformed into millimeters and the diameters of at least
10 bacteriophages within each stock (with and without tail) were selected b%
hand using ImagedJ 1.50i software, the diameters were exported to Microsoft

Excel® for Mac 2011 (version 14.7.2) and their median, Q1, Q3, minimum
and maximum values calculated and plotted. Values had a normal
distribution, and an ANOVA two-tailed t-test with p < 0.001 was performed
using StatPlus for Mac LE (version 6.2.21).
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2.8 Kinetics of infection

2.8.1 One-step growth curve and phage adsorption

The protocol used was adapted from Clokie and Kropinski (2009). Bacteria
were grown until 0.1 OD or 10® cfu/ml (exponential phase of growth) and
10ml were pipetted into two flasks containing 100ml of nutrient broth at room
temperature (labelled G, for growth and C, for control), as seen in Figure 2-1.
After 5 minutes the first 1ml uninfected sample was taken and transferred
into an Eppendorf tube (labeled S0) and placed on ice. At the same time as
the timer was started, a 0.1ml phage stock solution containing 107 pfu/ml
(MOI=0.001) was added to flask “G”. After mixing well flask “G”, a 1ml aliquot
was transferred to flask “G2” and after mixing well, another 1ml aliquot was
transferred to flask “G3” (yielding a 10™-fold dilution, both flasks contained
100ml of nutrient broth). One minute after the initial infection, 1ml samples
were taken into S1 and L1 Eppendorf tubes and placed on ice (S, for sample
and L, for lysis). Every 20 minutes additional 1ml “S” and “L” samples were
taken. This continued up to 240 minutes at 180 rpm at room temperature. All
the “S” samples were immediately filtered through a 0.22um filter membrane
in order to recover all unattached phages, all the “L” samples contained 50l
of chloroform to lyse the bacterial cell membrane and allowed the recovery of
the total amount of phages (both attached and unattached). OD
measurements were taken in triplicate for both “G” and “S” samples during
the experiment.

The initial sample “G0” was serially diluted in PBS and 10ul were spot-
inoculated onto nutrient agar plates and incubated at 30°C for 48 hours. All
the other samples (both “S” and “L”) were serial-diluted and spot-inoculated
onto a bacterial lawn (in triplicate). All the results obtained were transformed
into pfu/ml and plotted against time.

The phage adsorption constant was determined during the one-step growth
curve experiment: 1ml samples were taken every minute for the first 15
minutes from the “G” flask after the phage was added. Each sample was
filter-sterilised, serial-diluted and spot-inoculated onto a bacterial lawn (in
triplicate). The adsorption rates were estimated by using the following
equation (Krueger, 1931):

_ 23 Po
k= B_tIOQF
where K is the adsorption rate constant in ml/min, B is the concentration of
bacteria in cfu/ml, t is the time in minutes, P, and P are the original the final
phage titres in pfu/ml (Barry and Goebel, 1951).

All the data obtained was calculated using Microsoft® Excel® for Mac 2011
(version 14.7.2), average readings were plot as percentage of free phage
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against time for the phage adsorption constant. On the other hand, average
readings were plot as log base 10 plaque-forming units against time in
minutes for the one-step growth curve. The relative error was calculated for
each time point, as the results were obtained from the same experiment.

10ml inoculum 0.1ml phage solution

ave

& A

y y

SO OD measurements

Figure 2-1: One-step growth curve experiment diagram. 10ml
inoculum was added to flasks “C” and “G” but only flask “G” was infected
with 0.1ml of phage stock. After mixing well, 1ml from flask “G” was
added to flask “G2” and 1ml from flask “G2” was added to “G3”. Only
sample “S0” was taken from flask “C” to check the inoculum, OD
measurements were taken from flasks “C” and “G”, lysis samples (“L”)
and “S” samples (for unattached phages) were taken from flask “G3”.

2.8.2 Bacterial cell growth during infection experiments

2.8.2.1 OxoPlate®

A 96-well OxoPlate® OP96U was set up to obtain real-time data of bacterial
cell viability (measuring oxygen availability) during viral infection. These
plates contain sulforhodamin covalently attached to polystyrene particles as
the reference dye, and a platinum porphin as the indicator dye. The sensor
has a thickness of 10um and its fixed at the bottom of each of the 96 round-
bottom wells in the plate (Greiner, Monroe, NC, USA).

An overnight culture of the test bacteria was inoculated in fresh media and
grown until exponential phase, this bacterial suspension was diluted using
nutrient broth to approximately 102 cfu/ml, 10ul were then used to inoculate
each well for this experiment. The bacteriophage stocks were diluted down to
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the appropriate pfu/ml (between 10® and 10* pfu/ml), 10ul of lysate was used
to infect the bacteria at different MOls (between 1 and 0.000001) and each
well was filled up to 200ul using nutrient broth (the positive control only
contained bacteria in nutrient broth and the negative control only contained
nutrient broth), an example of the layout used is shown in Figure 2-2.

The OxoPlate® experiment was set up to test the infectivity of $SFMO002
immobilised to cellulose nanoparticles: free bacteriophages were tested at
different MOIs (between 1 and 0.000001), the bacteriophage-coated
nanoparticles included two different 1:10 dilutions (of unknown MOI), the
positive and negative controls were the same, as above and an additional
negative control that included sterile nanoparticles was added.

The experiment measured time-resolved fluorescence as a function of
oxygen concentration every 2 minutes for up to almost 9 hours at room
temperature. Two sets of raw data were recovered from the run (both used
the same excitation wavelength at 540nm, but the emission wavelength was
650nm for the indicator and 590nm for the reference filter pairs), and all data
was normalised for each time point:

indicator
|R =

| reference

The calibration constants (ko and ki) were calculated by taking the average
values for each normalised well containing the calibration solutions. Finally,
the results were calculated as the oxygen partial pressure in percentage air
saturation per well per time point:

ko_
pO2 = 100xM

ko

k100

The results were plotted as pO; (in percentage) per time point, being each
value the result from six different readings using Microsoft® Excel® for Mac
2011 (version 14.7.2). A decrease in pO; during the experiment during the
experiment was used to determine the viral latent period.

57



P. atrosepticum P. atrosepticum SCRI 1043
A

1 2 3 4 5 6 7 8 9 10 11 12

Different MOls
1

A
B
c
D
£
F
G \

Figure 2-2: Layout used for the OxoPlate® experiment. The plate was
divided into two halves (one per bacteria tested), 10ul of bacterial suspension
were loaded into all wells (from row A to row G) and a 10l of varying
bacteriophage dilutions were loaded onto a different row (each phage was
tested in 6 wells, a total of 6 different dilutions from row A to row F), all the
wells were filled up to 200ul with nutrient broth. Row G contained bacteria
and nutrient broth (positive control) and row H contained nutrient broth only
(negative control).

2.8.2.2 Time-lapse microscopy

Bacterial infection was followed under the microscope for up to 30 hours, by
taking an image every 5 minutes under 1000X magnification. An overnight
grown bacterial solution was diluted down to 102 cfu/ml, 10ul were mixed with
10ul of 108 pfu/ml (MOI = 1), spot-inoculated onto 2% nutrient agar and left to
dry under sterile conditions. A plug containing the dried solution was
transferred to imaging chambers (IBIDI GmbH) and then placed onto the
microscope.

Samples were monitored using a Nikon TE2000S inverted microscope and
observed under the 100X objective using immersion oil and the 1.3 objective
lens and captured using a Hamamatsu Orca - 285 Firewire Digital CCD
Camera. The captured images were processed using Imaged 1.50i software
(http://rsb.info.nih.goV/ij/), by tracking bacteria in sequential frames and
measuring their mean size and bacterial numbers. The results obtained were
exported and plotted using Microsoft® Excel® for Mac 2011 (Version 14.7.2).
The bacterial doubling time was measured from at least 10 different readings
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in each experiment as the time between one bacterial division to the
following. The latent period was estimated from at least 6 different
measurements (apart from ¢SFM003, $SFM005, $SFM0O06 and $SFMOO7
where it was not possible), from the time a bacteria occupied a previously
burst cell until it burst.

2.9 Viral DNA isolation

Two different methods were used for isolation of DNA.

2.9.1 Phenol-chloroform method (Clokie and Kropinski, 2009)

High density phage stocks (between 10° and 10'°pfu/ml) were mixed with
18ul of 1mg/ml DNase | (Sigma-Aldrich) and 8ul of 12.5mg/ml RNase A
(Roche), and incubated for 30 minutes at 37°C. 46ul of 20% (w/v) SDS and
18ul of 10mg/ml of proteinase K (Sigma-Aldrich) were then added and
incubated for another 30 minutes at 37°C. A 0.5ml aliquot was placed on a
Phase-lock gel Eppendorf tube (VWR International), mixed with 0.5ml
phenol:chloroform:isoamyl alcohol (25:24:1, Sigma-Fluka) and centrifuged at
1500 x g for 5 minutes. The supernatant was put into another Phase-lock gel
tube and mixed with 0.5ml phenol:chloroform:isoamyl alcohol (25:24:1) and
centrifuged at 1500 x g for 5 minutes. The supernatant was then placed on
another Phase-lock gel tube and mixed with 0.5ml chloroform:isoamyl
alcohol (24:1, Sigma-Fluka) and centrifuged at 6000 x g for 5 minutes. The
supernatant was put into a 1.5ml Eppendorf tube with 45ul of 3M sodium
acetate (pH 5.2) and 0.5ml of 100% isopropanol (or two volumes of ethanol)
were added and incubated at room temperature for 20 minutes. The samples
were centrifuged at 20000 x g for 20 minutes, the supernatant was discarded
and the DNA pellet was washed twice with 70% ethanol (v/v) and let to dry.
The DNA was resuspended in 50ul RNase-free water before sequencing or
TE buffer (pH 8.0) for long-term storage at -20°C.

2.9.2 ISOLATE Il Genomic DNA Kit (Bioline)

High titre 1ml stocks (between 10° and 10"°pfu/ml) were mixed with 25pl of
proteinase K Buffer PR and 200yl of Lysis Buffer G3 (prepared by
transferring Buffer G1 to Buffer G2), vortexed for 10-20 seconds vigorously
and incubated at 70°C for 10-15 minutes. 210yl of ethanol (96-100%, v/v)
were added to the sample, vortexed and loaded onto an ISOLATE I
Genomic DNA Spin Column (inserted in a Collection Tube). The lysate was
centrifuged for 1 minute at 11000 x g until all the sample was filtered through
the matrix. The column was placed in a new Collection tube, added 500ul of
Wash Buffer GW1 and centrifuged for 1 minute at 11000 x g. The flow-
through was discarded and the Collection tube reused. 600ul of Wash Buffer
GW2 were added to the column (16ml of 96-100% ethanol were added to the
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Wash Buffer GW2 Concentrate) and centrifuged for 1 minute at 11000 x g.
The flow-through was discarded and the Collection Tube was reused. The
sample was centrifuged for 1 minute at 11000 x g and the ISOLATE II
Genomic DNA Spin Column was placed in an Eppendorf tube. 50ul of
RNase-free water preheated at 70°C were added directly onto the silica
membrane and incubated at room temperature for 1-2 minutes, centrifuged
for 1 minute at 11000 x g and the sample stored at -20°C for sequencing or
long-term storage.

2.10 DNA Quantification

Viral DNA was quantified using two different methods: NanoDrop and Qubit.

2.10.1 NanoDrop 2000™ Spectrophotometer (Thermo Scientific)
All DNA samples used in this project were measured using the NanoDrop.

1.5ul of a sample was used to both quantify and assess the quality for further
analysis (A2so280 and Azso/230).

2.10.2 Qubit™ Fluorometer (Thermo Fisher)

Reagent Amount per reaction (ul)
Qubit® dsDNA HS Reagent 1

Qubit® dsDNA HS Buffer 199

Qubit® dsDNA HS Standard #1 10

Qubit® dsDNA HS Standard #2 10

Sample 1

Table 2-4. Reagents used for dsDNA quantification using the Qubit™
Fluorometer.

All DNA samples used for sequencing were quantified using the Qubit™
Fluorometer. A fresh working solution was made by mixing the Reagent and
the Buffer from the kit, the standards and samples were mixed separately
with the working solution to a volume of up to 200ul as shown in Table 2-4,
and the tubes were incubated at room temperature for 2 minutes following
the kit protocol. The samples were quantified using the Qubit® Fluorometer.
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2.11 Restriction enzyme analysis

Reagents Amount

DNA sample 500ng

Restriction enzyme 1ul (10 units)

10X Buffer 2ul

BSA 2ul

Sterile distilled water up to 25yl per reaction

Table 2-5. Reagents used for the restriction enzyme analysis. One unit of
restriction enzyme could digest 1ug of A DNA in one hour at 37°C in a total
volume of 50ul. All the restriction enzymes and their buffers were from
Promega and New England BioLabs (NEB).

The restriction digest was prepared according to Table 2-5. Once all
reagents were mixed, the samples were incubated at 37°C (50°C for BssH II)
for 3 hours with a further heat inactivation for 20 minutes at either 65°C or
80°C, if required. Loading dye (5ul) was added to each reaction tube for
analysis using gel electrophoresis.

2.12 Agarose gel electrophoresis

Agarose (3g) was added to 200ml 1X TAE buffer to prepare a 1.5% agarose
gel. This solution was heated in a microwave for about 5 minutes, swirling
frequently to dissolve the agarose. When the mixture was well dissolved, it
was left to cool down to 50-60°C before pouring into a gel tray with the well
comb in place. Once solidified, the comb could be removed and the gel
placed in an electrophoresis tank. The electrophoresis unit was filled with 1X
TAE buffer, enough to cover the gel. A molecular weight ladder was loaded
into the first lane of the gel (A DNA-Hindlll digest), followed by the DNA
samples mixed with a loading dye. An electrical field was used to move the
samples according to size and weight, in this case 60V were used for 5
hours. After the run, the gel was stained using GelRed™ or ethidium bromide
(15ul of GelRed™ 10000X stock reagent, and 5ml 1M NaCl to 45ml water or
5ul of ethidium bromide per 100ml of water or TAE buffer) in a tray with
approximately 200ml of distilled water and left with agitation for 30 minutes at
room temperature. The stained gel was viewed and images taken using an
Azure™ c200 transilluminator (302nm) for the GelRed™ or UV light using the
ethidium bromide.
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2.13 Sequencing of bacteriophage DNA

Varying amounts of phage DNA (between 0.4 and 0.6ug) were used for
sequencing.

2.13.1 Library preparation (NEBNext® Fast DNA Fragmentation & Library Prep
Set for lon Torrent™)

All the reagents from Table 2-6 were mixed with the samples and incubated
in the thermal cycler for 20 minutes at 25°C, for 10 minutes at 70°C and a
final hold at 4°C, with this incubation the DNA samples were fragmented.
More reagents from Table 2-7 were added to the samples (in this step the
barcodes to sequence multiple samples were added), and incubated in the
thermal cycler for 15 minutes at 25°C, for 5 minutes at 65°C and a final hold
at 4°C, before 5ul of Stop Buffer were added.

Reagents Volume (pl)

Sample DNA 1-15.5 depending upon
sample concentration

NEBNext DNA Fragmentation Reaction |2
Buffer

Sterile water up to a final volume of 18.5

NEBNext DNA Fragmentation Master Mix 1.5

Table 2-6. Reagents used for the first step of the library preparation.

Reagents Volume (pl)
T4 DNA Ligase Buffer for lon Torrent™ | 4

Sterile water 1

lon Xpress™ Barcode Adapters 10 (5 of each)
Bst 2.0 WarmStart DNA Polymerase 1

T4 DNA Ligase 4

Table 2-7: Preparation of adaptor ligated DNA.

The Adaptor ligated DNA was cleaned: 81ul of AMPure XP Beads were
added and the sample left to incubate for 5 minutes at room temperature.
The Eppendorf tube was placed in a magnetic rack for 2-3 minutes until the
solution cleared. The supernatant was removed and 200yl of freshly
prepared 80% ethanol were added. This last step was repeated once more
and the tube was left with the cap open to dry for further 5 minutes at room
temperature. The magnetic beads were resuspended in 25ul of 0.1X TE
buffer and left incubating at room temperature for 2 minutes. The tube was
placed again in the magnetic rack and approximately 20ul of supernatant
were taken to a clean tube.
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The selection of the fragment sizes was done using an E-Gel Precast
Agarose Electrophoresis System (Thermo Fisher). The samples were loaded
onto the gel and let to run between 14 and 18 minutes to get the required
size, before being collected. After selecting the required sample fragments,
the reagents from Table 2-8 were added to the samples and amplified using
the PCR run from Table 2-9.

Reagents (for 10 to 100ng) Volume (pl)
Adaptor Ligated DNA 1-40
Primers 4

Sterile water up to 100
NEBNext Q5 Hot Start HiFi PCR Master Mix | 50

Table 2-8: PCR amplification of Adaptor Ligated DNA.

Step Temperature Time Number of
(°C) cycles

Initial 98 30 seconds 1

denaturation

Denaturation 98 10 seconds 12

Annealing 58 30 seconds 12

Extension 65 30 seconds 12

Final extension 65 5 minutes 1

Hold 4 Indefinitely

Table 2-9. PCR Cycling conditions for the amplification of Adaptor
Ligated DNA.

AMPure XP Beads (90ul) were added to the samples and left to incubate for
5 minutes at room temperature. The tubes were put in a magnetic rack for 2-
3 minutes until the solution was clear, the supernatant was taken and 200l
of freshly prepared 80% ethanol were added. The samples were incubated
for 30 seconds at room temperature before the supernatant was taken. This
last wash step was repeated and the tubes were left to dry for further 5
minutes at room temperature with the caps opened. The magnetic beads
were resuspended in 25ul of 0.1X TE buffer and left to incubate for 2 minutes
at room temperature. The samples were put again in the rack until the
solution was clear and 20ul were transferred to a new Eppendorf tube.

2.13.2 Quantity and quality controls of the library

Samples were quantified using the Qubit™ Fluorometer (see section 2.10.3)
and their quality assessed using the Bioanalyzer (Agilent Technologies). The
gel-dye mix was left at room temperature for 30 minutes to equilibrate (25l
of DNA dye concentrate mixed to a DNA gel matrix vial from the kit). The
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DNA chip was put in the priming station and set up to load the samples (the
gel-dye mix, the markers and the ladder were loaded following the protocol),
1ul of each sample was loaded into one well and the chip was vortexed for
one minute at 2400rpm before the chip was ready to be run in the Agilent
2100 bioanalyzer. From these readings, the molarity of the samples was
calculated and the samples were diluted down to 100pM.

2.13.3 Preparation of template-positive lon Sphere™ Particles (ISPs)
containing amplified DNA

Following the instrument display, the instrument lid was opened and 150ul of
lon OneTouch™ Breaking Solution was put into both recovery tubes and
these were placed into the instrument, as well as a Recovery Router in
between these recovery tubes and the lid was closed. The Amplification
Plate was inserted into the heat block and installed following the instructions
manual. Both the lon OneTouch™ Qil and the lon OneTouch™ Recovery
Solution were installed. The 100pM library samples were pooled and diluted
by mixing 2ul of the libraries with 23ul of nuclease-free water, and added to
the amplification solution (shown in Table 2-10). The amplification solution
was loaded into an lon OneTouch™ Reaction Filter, then 1.7ml of lon
OneTouch™ Reaction Oil was also added to the Reaction Filter before this
Reaction Filter was installed on the instrument and the run started.

Reagent Volume (pl)
lon PGM™ Hi-Q™ Reagent mix 800
Nuclease-free water 25

lon PGM™ Hi-Q™ Enzyme Mix 50

Diluted library 25

lon PGM™ Hi-Q™ ISPs 100

Table 2-10. lon PGM™ Hi-Q™ ISPs amplification solution.

At the end of the run (approximately 6.5 hours), the sample was centrifuged
and all the supernatant but 100ul was taken from both Recovery Tubes.
500ul of lon OneTouch™ Wash Solution were added to each Recovery Tube
before the contents from both Recovery Tubes were mixed and centrifuged
for 2.5 minutes at 15500 x g. All the supernatant but 100ul was taken and
discarded.

A quality assessment of the template-positive ISPs was done by mixing 2l
of the ISPs sample with 20ul of lon Probe Master Mix (consisted of 19l of
annealing buffer and 1pl of ion probes) in a 0.2ml PCR tube. The sample was
incubated in a thermal cycler for 2 minutes at 95°C and for another 2 minutes
at 37°C. The unbound probes were washed from the sample 3 times: 200l
of Quality Control Wash Buffer were added to the sample, vortexed,
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centrifuged at 15500 x g for 1.5 minutes and the supernatant removed (10l
were left in the tube). 190ul of Quality Control Wash Buffer were added and
the sample was measured in the Qubit™ Fluorometer following
manufacturer’s instructions (the Alexa Fluor™ 488 and the Alexa Fluor™ 647
Calibration Standard reagents were used and the raw fluorescence data
were input in the Qubit™ Easy Calculator spreadsheet to evaluate the
template ISPs). Values between 10 and 30% were considered of good quality
for sequencing according to the manufacturer’'s manual.

2.13.4 Enrichment of the template-positive lon PGM™ Hi-Q™ ISPs

The 8-well strip was loaded as shown in Table 2-11 and put on the lon
OneTouch™, the instrument was set up and the run started according to the
manufacturer's manual.

Well Reagent to dispense Volume (pl)

number

1 Template-positive ISP sample 100

2 Dynabeads™ MyOne™ Streptavidin C1 | 130
Beads in MyOne™ Beads Wash Solution*

3 lon OneTouch™ Wash Solution 300

4 lon OneTouch™ Wash Solution 300

5 lon OneTouch™ Wash Solution 300

6 Empty

7 Melt-Off Solution** 300

8 Empty

Table 2-11. Reagents used to enrich the template-positive lon PGM™
Hi-Q™ ISPs.

* Dynabeads™ MyOne™ Streptavidin C1 Beads (13ul) were transferred to a
new Eppendorf tube and placed on a magnet rack for 2 minutes. The clear
supernatant was removed and 130yl MyOne™ Beads Wash Solution were
added and mixed to the Dynabeads™ MyOne™ Streptavidin C1 Beads.

** Melt-Off Solution was freshly prepared by mixing 280ul of Tween™
Solution with 40ul of 1M NaOH. Its final composition was 125mM NaOH and
0.1% (w/v) Tween™ 20 detergent.

2.13.5 Cleaning and initialisation of the lon PGM™ Sequencer

The lon PGM™ Sequencer was cleaned according to manufacturer’s
instructions (a water cleaning and a chlorite cleaning), followed by an
initialisation step. The chip to be used in the run was checked by the
instrument before being loaded with the sample, and a new plan was created
in the Torrent Browser for the sequencing run (including information such as
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number of flows, type of kit used, assign the barcodes to the samples, type of
sample and reference sequence, if possible).

2.13.6 Loading of the sequencing chip

To prepare the sample, 5ul of Control lon Sphere™ Particles were added to
the template-positive ISPs, mixed and centrifuged before the supernatant
was removed (but 15ul). Sequencing Primer was added (12ul) and the
samples were incubated in a thermal cycler run for 2 minutes at 95°C and for
2 minutes at 37°C. The lon PGM™ Sequencing 200 v2 Polymerase (3ul) was
added to the sample and incubated at room temperature for 5 minutes. The
template-positive ISPs sample was loaded into the chip following manuals
instructions (after emptying the chip from any liquid, the sample was loaded
at a rate of approximately 1ul per second in a 45° angle). Once the chip was
loaded, it was placed in the lon PGM™ Sequencer and the sequencing run
was started. The PGM™ sequencer detects the shift in pH caused by the
release of protons (or hydrogen ions) every time a nucleotide triphosphate is
added as part of the activity of the DNA polymerase during DNA synthesis.

2.13.7 Bioinformatic analysis

2.13.7.1 Trimming, de novo assembly and phage termini determination

Reads were individually trimmed using CLC Genomics Workbench v7.5.1
(CLC Bio-Qiagen, Hilden, Germany) to a minimum quality score of 0.01
(equivalent to Phred quality score of 20), a maximum length of 220bp, and
were trimmed of any adaptor and repetitive telomere sequences. De novo
assembly was performed using SPAdes v3.5.0 (Bankevich et al., 2012)
within Galaxy platform (Cuccuru et al., 2014; Afgan et al., 2016). Restriction
enzyme analysis was performed to test for cohesive ends and the program
PhageTerm v1.0.11 (Garneau et al., 2017) was used to determine
bacteriophage termini and packaging mode.

2.13.7.2 Genome annotation and protein similarity determination

The resulting viral genomes were annotated using PROKKA v1.12
(Seemann, 2014), RAST v2.0 (Aziz et al., 2008; Overbeek et al., 2014;
Brettin et al., 2015), FGenesV (Softberry Inc, Mount Kisco, NY) and Glimmer
v3.02 (Salzberg et al., 1998; Delcher et al., 1999; Delcher et al., 2007), all
these programs use Hidden Markov Models (HMMs) to predict the
functionality of the sequences. Protein similarity was evaluated with BLASTP,
and structural predictions and motif searches were performed using Pfam
v31.0 (Aziz et al., 2008; Finn et al., 2016) and InterProScan v56.0 (Jones et
al., 2014; Finn et al., 2017).
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2.13.7.3 Presence of tRNA and bacterial toxins

Presence of putative tRNAs was predicted using tRNA Scan-SE v2.0 (Lowe
and Chan, 2016) and ARAGORN v1.0.0 (Laslett and Canback, 2004), and
presence of bacterial toxins was predicted using BTXpred server (Saha and
Raghava, 2007).

2.13.7.4 Phage lifestyle prediction and dot-plot analysis

Whole bacteriophage proteome was used to predict the lifestyle of each
isolated bacteriophage as virulent or temperate, using the program PHACTS
(McNair et al., 2012). Nucleotide dot-plots were generated using GEPARD
v1.40 (Krumsiek et al., 2007).

2.13.7.5 Phylogenetic analyses

The bacteriophage DNA and RNA polymerases and the DNA sequence of
the large subunit of the telomerase gene were used for phylogenetic
analysis. The DNA sequences of these two genes from all bacteriophages
were aligned using both Clustal Omega (Thompson et al., 1994; Sievers et
al., 2011) and MAFFT v7 online (Katoh and Standley, 2013; Kuraku et al.,
2013; Katoh et al., 2017) and visualised using Archaeopteryx.js (Zmasek and
Eddy, 2001; Han and Zmasek, 2009). The RNA polymerases of all the
isolated bacteriophages and those infecting Pectobacterium spp., together
with the type strains for all six genera present in the subfamily
Autographivirinae (Table 2-12) were used to form a phylogenetic tree in the
phylogeny.fr platform (Dereeper et al., 2008), using MUSCLE alignment
v3.8.31 (Edgar, 2004), with default settings and the maximum likelihood
method in PhyML program v3.1/3.0 (Castresana, 2000; Guindon and
Gascuel, 2003) and the final representation of the phylogenetic tree was
performed using TreeDyn v198.3 (Chevenet et al., 2006; Anisimova and
Gascuel, 2006).
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Genome Accession Reference Length Genera
(nt)

Pectobacterium | NC_029081 | (Kalischuk et | 45633 Unassigned
phage Peat1 al., 2015)
Pectobacterium | NC_031068 43902 Unassigned
phage PP16
Pectobacterium | NC_031096 44570 Unassigned
phage PP90
Pectobacterium | LC063634.2 | (Hirata et al., | 44539 Phikmvvirus
phage PPWS1 2016a)
Acitenobacter NC 021316 | (Huang et al., | 42185 Fritvirus
phage Abp1 2013)
Acitenobacter NC_021337 | (Zhang et al., | 31185 Fritvirus
phage AB3 2015)
Acitenobacter NC 028848 41805 Fritvirus
phage Fri1
Pantoea phage | NC 019454 | (Adriaenssen | 44546 Kp34virus
LIMElight s etal., 2011)
Klebsiella phage | NC_023567 | (Lin et al., | 43766 Kp34virus
F19 2 2014)
Klebsiella phage | NC_013649 | (Drulis-Kawa | 43809 Kp34virus
KP34 etal., 2011)
Klebsiella phage | NC_025418 | (Lowe  and | 43871 Kp34virus
NTUH-K2044- Chan, 2016)
K1-1
Pantoea phage | NC_015585 | (Adriaenssen | 43032 Phikmvvirus
LIMEzero s etal., 2011)
Pseudomonas NC_010326 | (Lammens et | 43548 Phikmvvirus
phage LUZ19 al., 2009)
Pseudomonas NC_005045 | (Lavigne et |42519 Phikmvvirus
phage phiKMV al., 2006)
Xanthomonas KU595432.1 | (Retamales 43851 Pradovirus
phage f20 et al., 2016)
Xanthomonas NC_004902 | (Yuzenkova |44373 Pradovirus
virus Xp10 et al., 2003)
Xylella phage NC_022987 | (Ahern et al., | 43940 Pradovirus
Prado 2014)
Salmonella virus | NC_004831 | (Dobbins et | 43769 Spévirus
SP6 al., 2004)
Escherichia NC_008152 | (Scholl et al., | 44385 Spévirus
virus K1-5 2004)
Escherichia NC_007637 | (Stummeyer | 45251 Spévirus
virus K1E et al., 2006)
Erwinia NC_009014 | (Vandenberg | 45445 Spévirus
amylovora h and Cole,
phage Era103 1986)
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Kluyvera phage | NC 011534 | (Lingohr et | 39472 T7virus
Kvp1 al., 2008)

Enterobacteria NC_003298 | (Pajunen et | 38208 T7virus
phage T3 al., 2002)

Enterobacteria NC_001604 | (Cheng et al., | 39937 T7virus
phage T7 1994)

Escherichia NC 015719 40940 Kp32virus
phage K30

Klebsiella phage | NC_013647 41119 Kp32virus
KP32

Klebsiella phage | NC_011043 41181 Kp32virus
K11

Table 2-12. Phage genomes used for the phylogenetic tree using the
RNA polymerases. The strains used included strains that infect
Pectobacterium spp. as well as representative strains and type strains from
each one of the seven genera belonging to the subfamily Autographivirinae.

2.13.7.6 Average nucleotide identity (ANI), core genome and whole
genome analysis

Average nucleotide identity (ANI) was calculated using autoANI.pl with
default settings (Davis li et al., 2016). Comparative genome analysis was
carried out using Roary v3.11.2, with “-i 50” input (Page et al., 2015). A core-
gene phylogeny was constructed using FastTree v2.1.4 (Price et al., 2010).
For whole-bacteriophage sequence phylogeny, the program VICTOR (Meier-
Kolthoff et al., 2013; Meier-Kolthoff and Goker, 2017) was used: all pairwise
comparisons of the nucleotide sequences were performed using the
Genome-BLAST Distance Phylogeny (GBDP) method with settings
recommended for prokaryotic viruses (Meier-Kolthoff and Goker, 2017), the
resulting intergenomic distances were used to infer a balanced minimum
evolution tree with branch support via FASTME including SPR
postprocessing (Lefort et al., 2015), branch support was inferred from 100
pseudobootstrap replicates each. Trees were rooted at the midpoint (Farris,
1972). Taxon boundaries at the species, genus and family level were
estimated with the OPTSIL program (Goker et al., 2009), the recommended
clustering thresholds (Meier-Kolthoff and Goker, 2017) and an F value of 0.5
(Meier-Kolthoff et al., 2014). The global genomic similarity of the isolated
bacteriophages was performed using VIPTree v1.3 (Nishimura et al., 2017),
including all the Podoviridae family and Gammaproteobacteria reference
genomes.
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2.13.7.7 Whole genome comparison

All the genomes were manually colinearised, placing the arbitrary starting
point at the start of the open reading frame of the large terminase subunit
gene (Abatangelo et al., 2017). The genome organisation of the phages and
comparative BLASTN for both nucleotides and coding sequences with figures
were created using CGView Comparison Tool using the
build_blast_atlas_all_vs_all.sh.script (Grant et al., 2012), detail of regions of
interest were formed using the create zoomed maps.sh script (using
magnifications between 10 and 30) (Grant et al., 2012). Whole genome
alignments using tBLASTX were visualised with Easyfig v2.2.2 (Sullivan et
al., 2011) with a 21% identity cut-off and modified using Adobe® Photoshop®
Software.

2.14 Corona discharge method for attachment

Nylon (20nm) and cellulose (50um) nanoparticles were used for
bacteriophage attachment using the corona discharge method. The amount
of nanoparticles used was measured (as a function of area and
phages,10%pfu per cm?, as explained in Table 2-13), before using the corona
discharge the bacteriophages in PBS were added to the particles and mixed
at room temperature. The bacteriophage-nanoparticle solution was poured
onto the conductor surface of the instrument and a corona discharge was
applied. Two passes at 7.5kV were used at a speed of 10 meters per minute.
The samples were recovered, dried, washed between two and three times to
discard unattached phages (mixed in PBS and centrifuged) and their ability
to form plaques determined (as mentioned in section 2.4.3).

Material | Size Surface Density | Volume Ratio Grams
(nm) area (nmz) (glcms) (nm3) (surface required
arealvolume)
Nylon 20 1260 3.5 4190 0.3 4610°
Cellulose | 50 x 10° | 7850 x 10° 0.6 65.5x 10" 0.12 2x10°

Table 2-13. Conversion units for area and volume of spheres depending
on their sizes. It was decided to attach the nanoparticles as a function of
number of bacteriophages per area so these parameters could be optimised
(4cm? for the nylon and 4mm? for the cellulose nanoparticles). From the
required area (2 x 2cm?), the number of particles needed was calculated
based on their surface area. The number of particles was then multiplied by
their volume and converted into cm® (1cm® = 1 x 10?'nm?®), this value was
multiplied by the material density to get the weight in grams, for the
requested area it was 4.6 x 10°g and 2 x 107°g for the nylon and the
cellulose, respectively.
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2.14 1 Stability test of immobilised bacteriophages

The stability of immobilised $SFM002 onto cellulose nanoparticles was
tested at different temperatures and the results were compared to free
$SFMO002 stocks. Starting solutions of free $SFM002 were 10°pfu/ml and for
attached phages was 10"pfu/ml (apart from the sample at 37°C that was
10°pfu/ml) and they were incubated at 4°C, room temperature, 30°C and
37°C for up to six days for free $SFMO002 and for up to four weeks for
immobilised $SFM002. The ability to form plaques was tested every day for
free bacteriophages and every week for attached ones in triplicate for each
time point (as mentioned in section 2.4.3) and the results were plotted using
Microsoft® Excel® for Mac 2011 (version 14.7.2).

2.14.2 Translocation of cellulose nanoparticles in vivo using confocal
microscopy

Confocal microscopy was used to test cellulose nanoparticle uptake by the
plant with autofluorescence. Tomato seeds (Solanum lycopersicum cv
Moneymaker) were germinated in presence of sterile cellulose nanoparticles
and allowed to grow for 28 days, a negative control without nanoparticles
was used and a positive control consisting of unattached cellulose
suspension in PBS. Samples were taken from roots, stems and leaves using
a scalpel and transferred onto glass slides with no fixation. The samples
were analysed using a Leica TCS SP/2 Laser Scanning Confocal Microscope
(Leica Microsystems). Image processing was accomplished using LAS-AF
Lite 2.6.3 software (Leica Microsystems).

2.15 Infectivity tests

2.15.1 Effect of different treatments on seed development

Tomato seeds (Solanum lycopersicum cv Moneymaker) were surface-
sterilised: the seeds were submerged in 30% (v/v) commercial bleach for 15
minutes, followed by three more washes in distilled water. At least three
seeds were dipped into different solutions for approximately 5 minutes: free
bacteriophages (10°pfu/ml), clean cellulose nanoparticles only, clean
cellulose nanoparticles and bacteria, bacteriophages and bacteria, coated
cellulose nanoparticles and bacteria, coated cellulose nanoparticles, a
bacterial solution as the positive control (10°cfu/ml) and distilled sterile water
as the negative control, for ease of this experiment $SFM002 was the only
bacteriophage used and Pectobacterium atrosepticum SCRI 1043 was the
only bacteria. The seeds were transferred onto half-strength MS agar (see
Table 2) and left in dark conditions at 25°C for about a week to allow
germination, then they were transferred to an incubator at 25°C with a long
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day photoperiod (16L/8D) (Schwarz et al., 2014). Stem growth was
measured every day for the first two weeks after seed sterilisation, data
obtained included germination time, stem, cotyledon and leaf development.
All this data was plotted against time using Microsoft® Excel® for Mac 2011
(version 14.7.2). Bonferroni’s means comparison test, (one-way analysis of
variance (ANOVA) with p < 0.05) was performed using StatPlus for Mac LE
(version 6.2.21).

2.15.2 Potato tuber infection assay

Potato tubers (Solanum tuberosum) Marys Piper variety were used for the in
vivo assays of the phage-coated nanoparticles on preventing soft rot
development. The surface of the potatoes were sterilised using a 10%
sodium hypochlorite solution for ten minutes followed by washing three times
in distilled sterile water. After air-drying under sterile conditions for 30
minutes, tubers were cut into 1cm slices and placed in sterile Petri dishes.

An overnight culture of Pectobacterium atrosepticum and Pectobacterium
atrosepticum SCRI 1043 in nutrient broth were diluted to an ODgponm Of 0.1
(Bell et al., 2004), these samples were used separately as positive controls.

The different treatments included free $SFM002, free $SFMO010, coated
cellulose nanoparticles, coated nylon nanoparticles, two negative controls
(one with distilled sterile water and the other with PBS) and the two positive
controls above mentioned. Inoculation was performed by spot-inoculating
three 10ul drops per potato slice (3 x 108 cfu/ml for the positive controls, and
3 x 10" pfu/ml for each bacteriophage treatment). The samples were
incubated for 3 days under different incubation temperatures (4°C, room
temperature and 30°C) and the level of degradation was followed daily until
the completion of the experiment. The area of degradation was manually
selected on the pictures taken by using Imaged 1.50i software and comparing
it to the total tissue area available (Shabuer et al., 2015a), the results were
plotted using Microsoft® Excel® for Mac 2011 (version 14.7.2). This
experiment was conducted only once independently with at least three
replicates in each trial. Bonferroni’'s means comparison test (ANOVA two-
tailed t-test with p < 0.05) was performed using StatPlus for Mac LE (version
6.2.21).

2.16 Statistical analysis

Plaque and bacteriophage morphology results using TEM had both a normal
distribution, an ANOVA two-tailed test with p < 0.001was performed.

Bonferroni’s means comparison test was used for the infectivity tests: one-
way analysis of variance with p < 0.05 was used on the effect of treatments
on seed development. ANOVA two-tailed t-test with p < 0.05 was performed
on the potato tuber infection assay.

All calculations were performed using StatPlus for Mac LE (version 6.2.21).
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3.0 Results

Isolation and description of isolated Pectobacterium spp.
bacteriophages using plague morphology, host range and
TEM
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3.1 Introduction

3.1.1 Characterisation of bacteriophage based on host range and
morphology

Bacteriophages can be lethal to bacteria and this can be used to prevent the
development of bacterial infections and, in the case of crops, spoil consumer
products. The critical first step for the development of phage-based
biocontrol agents involves the efficient isolation of bacteriophages. All these
bacteriophages must be characterised before designing the bacteriophage
cocktail to be used as a biocontrol agent.

Bacteriophages can be defined by their host range, that is described as the
spread of organisms that a parasite can infect and kill (Hyman and Abedon,
2010). It is generally accepted that a broad host range refers to the ability to
infect at least two or three bacterial species, whereas a narrow host range
can only infect different strains within a bacterial species (Hyman and
Abedon, 2010). The host range relies on a series of factors such as
specificity of host-binding proteins, biochemical interactions during infection,
presence of prophages and bacterial phage-resistance mechanisms (Adams,
1959; Hyman and Abedon, 2010; Diaz-Munoz and Koskella, 2014). In this
work, host range is defined as the ability to form plaques, as there are a
variety of processes when phages can be infective, but infection does not
result in the production of phage particles, such as with lysogenic infections
(Abedon and Yin, 2009). The development of plaques on different host
strains is used to confirm a lytic infection of such strain. Additionally, the
efficiency of plating refers to the plaque titre of a phage stock using a new
bacterial host, that is relative to the estimate of the concentration of phage
particles using the original host, which is usually higher (Adams, 1959).

The Genus Pectobacterium (formerly Erwinia) is divided into seven species:
P. atrosepticum, P. betavasculorum, P. carotovorum, P. cacticida, P.
aroidearum, P. parmentieri (Khayi et al., 2016) and P. wasabiae (Hauben et
al.,, 1998). Recent studies have re-evaluated the taxonomy of the genera
Dickeya and Pectobacterium (Zhang et al., 2016), both included in the family
Pectobacteriaceae (Adeolu et al., 2016). Their complexity has been reflected
in different studies (Dees et al., 2017), where both P. atrosepticum and P.
atrosepticum SCRI 1043 were shown to be closely related, followed by P.
wasabiae (very similar to Dickeya species) and P. carotovorum, being the
least similar of the type strains used for this project (see section 2.1 in
Materials and methods).

The plaque assay is the gold standard for phage quantification. A phage
plaque is formed by successive cycles of infection and virion release in a
bacterial host lawn, comparable to the traveling wave of an epidemic (You
and Yin, 1999). There are different factors to take into account when
determining plague morphology: plaque size, clarity, border definition and
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distribution should be characterised as they provide information of the growth
and virulence factors of the virus (Baer and Kehn-Hall, 2014). Plaque
development occurs in four phases (Koch, 1964): the primary adsorption
event, the first round of viral multiplication, the enlargement phase and the
final phase in which viral multiplication ceases, although phage T7 continues
to increase in size for up to fifty hours after inoculation (Yin, 1993). Plaque
size depends on intrinsic viral infection characteristics, such as adsorption
rate, lysis time and burst size, but also on the external conditions where the
infection takes place; for example higher agar concentration impedes viral
diffusion (Abedon and Yin, 2009). The initial adsorption also depends on
three factors: bacterial density, agar concentration and phage adsorption
constant (Abedon and Yin, 2009), delays in adsorption result in smaller
plaques and/or varied plaque sizes. The latter is due to the time these
phages mature and form plaques when the host has already reached
stationary phase (Adams, 1959). On the other hand, highly-adsorbing
phages also produce small plaques as the concentration of phages formed is
small within plaques (Gallet et al., 2011). Lysis time, or the time a phage
takes from adsorption to the subsequent host lysis, is also a factor to take
into account as optimal lysis time is independent of the adsorption rate for
plaque size (Gallet et al., 2011); shorter lysis times result in smaller burst
sizes (Wang, 2006a) since they produce less progeny phages to diffuse, thus
forming smaller plaques. However, long lysis times also develop smaller
plaques for the same reasons as with longer adsorption rates (Gallet et al.,
2011). Therefore, maximum plaque sizes are reached when the lysis time is
long enough to produce enough viral progeny but short enough to allow viral
diffusion in the agar (Gallet et al., 2011). Additionally, higher burst sizes can
increase plaque dimensions but only when higher than 10 (Carlson and
Miller, 1994) and smaller phages produce greater plaques as they diffuse
easily in the agar (Elford and Andrews, 1932). Generally, viral multiplication
stops when bacteria reach their stationary phase of growth.

3.1.2 The structure of phages

Electron microscopy is the only tool to visualise viral particles and it is the
easiest, the fastest and the least expensive way for phage identification.
Bacteriophages are classified in families and genera based on their external
morphology (tail type, polyhedral, filamentous or pleomorphic capsid,
presence of envelope) and their nucleic acid composition as stated in the
Baltimore classification (dsDNA, ssDNA, dsRNA or ssRNA) (Ackermann,
2011; Adriaenssens and Brister, 2017). Other intrinsic phage characteristics
that can be used for their classification include weight and buoyancy of the
viral particle, number and composition of their proteins and lipids, inactivation
by heat, UV or chloroform, restriction enzyme analysis and viral physiology
characteristics such as adsorption rate, burst size, host range, latent period
and DNA assembly to name a few. Of some consideration are tail lengths as
they give information about viral endurance: short-tailed and non-tailed
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bacteriophages are more resistant and do not lose infectivity as much as
long-tailed ones (Aprea et al., 2015).

3.1.3 Aims and objectives

A first aim within this project was to successfully isolate novel
bacteriophages, active against Pectobacterium spp., and to characterise
them in terms of plague morphology, host range, efficiency of plating and
determination of their morphotypes using transmission electron microscopy.

The success of phage isolation depends on the season, location, external
conditions and presence of putative hosts (Gross et al., 1991; Marsh and
Wellington, 1994; Miller, 2001). Bacteriophages are frequently found at the
site of infection, within close proximity to their host (Wommack et al., 2009;
Czajkowski et al., 2014; Czajkowski et al., 2015), and this is why potato and
soil samples were chosen for the bacteriophage isolation.

Another objective of this chapter was to use the different characterisation

techniques to ascertain the infective properties and discriminate between the
different bacteriophages.
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3.2 Bacteriophage characterisation

Pectobacterium bacteriophages were isolated from a variety of locations
(Table 3-1) and their activity was tested against the bacterial type strains
(Table 2-1) according to the methods described in Section 2.4 (in Materials
and methods). Each plaque was subjected to three rounds of single plaque
purification. Following this process, a set of 12 bacteriophages were selected
for characterisation (Table 3-1).

Bacteriophages Date of Sample Shop and address
isolation
¢SFMOO01 June 2013  Scottish new Andersons
potatoes Greengrocers
SFMO02 190 Byres Road
Glasgow G12 8SN
$SFMO003 December  Maris Peer and Cessnock Food Store
2013 Maris Piper from 374 Paisley Road
FMO004
SFMO0 Scotland West
$SFMO005 Glasgow G51 1BG
$¢SFMO006
$SFMO007
$SFMO008
$SFMO009
$SFMO010
$¢SFMO11 April 2014 Jersey Royals Morrisons Partick
from Ayrshire 1-2 Merkland Court
SFMO12 Glasgow G11 6BB

Table 3-1: All the bacteriophages were isolated from potato samples.
List of the 12 bacteriophages, including date and type of sample from where
the isolation took place as well as the shop from where these samples were
purchased.
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3.2.1 Host range and efficiency of plating

In order to determine if there were any differences in host range, all twelve
bacteriophages were tested against the four type strains of Pectobacterium
(P. atrosepticum SCRI 1043, P. atrosepticum, P. carotovorum subsp
carotovorum and P. wasabiae) (Figure 3-1). The titre from the infective
phages was measured and compared to that from the titre obtained from the
original strain to obtain the efficiency of plating (Table 3-2), the production
ratio of each phage was divided into high, medium, low and inefficient when
compared to the original host (see section 2.6).The bacteriophages isolated
were only infective against two of the bacterial strains: $SFM010 could infect
clearly P. atrosepticum, whereas all the other bacteriophages infected
predominantly P. atrosepticum SCRI 1043, although they could produce
plaques with the other host (Figure 3-1). No bacteriophages were found with
a high production ratio when compared to the original host (higher or equal to
0.5), and only ¢SFM003 had a medium production ratio (between 0.1 and
0.5), low EOP was found in $SFM001, $SFM002, $SFM011 and $SFMO012
(between 0.001 and 0.1), and all the other bacteriophages were found to
have inefficient production (less that 0.1% compared to the original strain).
All the bacteriophages had a narrow host range and ¢SFM010 was different
as it was the only virus to infect P. atrosepticum. On the other hand, based
on their efficiency of plating they were divided into 3 groups: ¢SFM003
(medium production ratio), $SFM001, ¢SFM002, $¢SFM011 and $SFMO012
(low production ratio) and all the remaining (inefficient production ratio).
Nevertheless, the efficiency of plating alone was not enough to conclude that
these were different phages and more characterisation, such as morphology
of the plaques and viral particles, were required.
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P. wasabiae

SCRI 1043

P. atrosepticum

P. carotovorum

P. atrosepticum

Figure 3-1: Host range analysis of the isolated bacteriophages using
the double agar overlay technique. Host range analysis using P.
atrosepticum (first column, 1-3), P. carotovorum (second column, 4-6), P.
atrosepticum SCRI 1043 (third column, 7-9) and P. wasabiae (fourth column,
10-12). Phage dilution-stocks (MOl = 1) were spot-inoculated onto the
bacterial lawn on triplicate (from top right, clockwise): ¢SFMO001 (first
quadrant), $SFM002, $SFMO003 and $SFMO04 are shown in the top row
images (1,4,7 and 10), ¢SFMO005 (top quadrant in the second row),
$¢SFMO006, $SFM007 and $SFMOO08 are shown in the middle row pictures (2,
5, 8 and 11), ¢SFMO09 (top right quadrant), $SFM010, $SFM011 and
¢SFMO012 are shown in the bottom row pictures (3, 6, 9 and 12), all 1cm
scale bars are shown.
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P. P. P. carotovorum P.
atrosepticum | atrosepticum subsp. wasabiae
SCRI 1043 carotovorum

$SFMOO01 1.0 0.049 £ 0.009 0 0
$SFMO002 1.0 0.016 £ 0.008 0 0
¢SFMO003 1.0 0.166 + 0.027 0 0
¢SFMO004 1.0 < 0.001 0 0
$SFMO005 1.0 < 0.001 0 0
$SFMO006 1.0 < 0.001 0 0
¢SFMO07 1.0 < 0.001 0 0
$SFMO008 1.0 < 0.001 0 0
$SFMO009 1.0 < 0.001 0 0
¢SFMO010 < 0.001 1.0 0 0
¢SFMO11 1.0 0.007 £ 0.009 0 0
¢SFMO012 1.0 0.066 + 0.020 0 0

Table 3-2. All bacteriophages infected Pectobacterium atrosepticum
and Pectobacterium atrosepticum SCRI 1043. Values calculated for the
efficiency of plating (EOP) were obtained from the average of the phage titre
with each host in triplicate with their standard deviations. Each EOP value is
the mean of three measurements, followed by its standard deviation. The
plating on the original strain of isolation (EOP = 1.0) is marked in bold.

@ A value < 0.001 indicates that the PFU of the actual phage on the target
bacterium is more than 1000 times less than on the primary host.

® A value of 0 means that bacteria did not show sensitivity in a spot test.

3.2.2 Comparative analysis of plaque morphology and viral particles

To further characterise the different bacteriophages, plaque comparison was
done. A minimum of twenty plaques per isolate were formed together and
under the same conditions (apart from using a different host for $SFM010), in
order to compare them to each other (see section 2.3 in Materials and
methods) (Figure 3-2). All areas were measured in square millimeters and
plotted using their median, Q1, Q3, minimum and maximum values (Figure 3-
3), since the area distribution of the plaques fell into a normal distribution, a
one-way ANOVA was performed using a p-value of 0.05. All phages
produced plaques that were very similar: they all formed clear round plaques
with no halos and some had more variable plaque sizes than others (Figure
3-2). Statistical analysis of the results showed that two or more of the
bacteriophages were significantly different but the one-way ANOVA test
could not discriminate which bacteriophages were different.
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Figure 3-2: Plaque morphology of the twelve bacteriophages was very
similar. Pictures labeled as 1 to 12, in ascending order: ¢$SFMO0O01,
$SFMO002, $SFMO003, $SFM004, $SFM005, $SFM006, $SFM007, $SFMO008,
$SFMO009, $SFM010, $SFMO011 and $SFMO012. Using 0.7% nutrient agar and
a bacterial lawn with P. atrosepticum SCRI 1043, apart from image number
10 that had a bacterial lawn with P. atrosepticum, and MOls of 0.1. Plaques
had their contrasts enhanced and their areas measured, 1cm scale bars are
shown.

81



o o N

N

Area (mm?2)
w
—0
(1]
(1]

2 Q
1 % 1 -

N

< > e & ©® © O N 9
S S & & & & & & D N X
%(<

v
Q
NP N,
N N A

Figure 3-3: Comparison of plaque sizes of the twelve bacteriophages.
Area measurements were calculated in square milimeters using ImagedJ 1.50i
software from the images shown in figure 3-2, and plotted using their median,
Q1, Q3, minimum and maximum values using Excel.

3.2.3 Phage morphology using TEM

In order to continue with the characterisation, electron micrographs were
used to determine the bacteriophage morphotypes (see section 2.7 in
Materials and methods) (Figure 3-4). The capsid diameters were measured
in nanometers and plotted without tails (Figure 3-5 a) and with tails (Figure 3-
5 b) using their median, Q1, Q3, minimum and maximum values. A one-way
ANOVA test with a p-value of 0.05 was used to determine differences
between all the bacteriophages. Bonferroni’'s means comparison test,
ANOVA two-tailed test with a p-value of 0.05 was also used to compare the
plaque morphology values above mentioned together with the bacteriophage
lengths (with and without tails). All bacteriophages displayed a morphology
similar to that shown by bacteriophages of Podoviridae with an icosahedral
head and a small non-contractile tail (Figure 3-4). The head diameters range
between 56nm (¢SFM004) and 138nm ($SFMOO08) (Figure 3-5 a), and the tail
lengths vary between 15nm ($SFMO00S and ¢SFMO007) and 37nm (¢SFM002)
(Figure 3-5 b). The one-way ANOVA indicated that there were two or more
significantly different bacteriophages, a p-value of 0 indicated that there were
at least two significantly different bacteriophages but could not discriminate
which ones and the Bonferroni test saw differences between $SFM008 with
¢SFMO001, $SFMO003, $SFMO004, ¢SFM0O06, ¢SFM0O07 and $¢SFMO11, In
conclusion, it was clear that ¢SFM008 was significantly different than the
others based on the results and on the post hoc analysis.
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Figure 3-4: TEM images of the twelve bacteriophages. TEM images of
$¢SFMO001, $SFM002, $SFM003, $SFM004, $SFM005, $SFM006, $SFMO007,
$¢SFMO008, $SFM009, ¢SFMO010, ¢SFMO11 and $SFMO012 (in ascending
order). The scale bars correspond to 200nm apart from ¢SFMO010 which is
1um. Double size close ups of each phage are shown at the right hand
corners.
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Figure 3-5 (a and b): Comparison of bacteriophage capsids based on
TEM images. Using imagedJ 1.50i software to calculate their diameters from
the images shown in figure 3-4 and Excel for descriptive statistics, median,
Q1, Q3, minimum and maximum values were calculated using at least 10
measurements per phage.
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3.3 Discussion and conclusions

The use of bacteriophages as biocontrol agents requires a complete
characterisation of the viruses to be carried out; the determination of their
infectivity properties allows the most appropriate treatment to be developed.
Host range is a key property for phage therapy (Ross et al., 2016). It should
be wide to the generic level as this is equivalent to a broad spectrum
antibiotic (Ross et al., 2016), but not so that would alter the bacterial
community of the surrounding environment. It was suggested that some
phage genes are involved in productive phage infection, like ompC that
encodes an outer membrane receptor in E. coli (Yu and Mizushima, 1982;
Cowley et al., 2018); phages with these receptors have a broad host range
for E. coli. The isolated bacteriophages in this project have a narrow host
range as they infect primarily P. atrosepticum SCRI 1043 and no other
closely related type strains. The permissiveness of this bacteria for the
isolated bacteriophages suggest certain regionalism since all the samples
isolated were from Scotland, just like the SCRI 1043 bacterial strain (samples
from other regions such as Israel and Spain were not successful for phage
isolation).

The plaques formed for all phages were clear and with no halos that is
representative of lytic phages; the best candidates for a phage cocktail were
$SFMO001, $SFM002, $SFM003, $SFM010, $SFMO011 and $SFMO012 as they
could infect one or more strains more efficiently than others. Plaque
morphology is the first evidence of viral infection, its use as a
characterisation method has many limitations except for determination of
host range, as it relies on many different factors such as incubation
conditions and/or other aspects such as host fithess, media composition or
agar concentration. There are other factors that can affect plaque
development, for instance the presence of “ghost” particles that do not
contain DNA, but retain some lytic activity as they still retain cell-wall-
degrading enzymes; this is known as lysis from without. Despite this they
cannot replicate within the host (Barlow et al., 2009; S. T. Abedon, 2011) and
they can form a plaque though no viral replication takes place and result in
an inefficient production ratio from the efficiency of plating results, this should
be the case for $SFM004, $SFM005, $SFM006, $SFMO07, $SFMO08 and
$SFMO09 when using P. atrosepticum as the host (Table 3-2).

The bacteriophages isolated have icosahedral heads, with short tails and
diameters that includes them in the C1 morphotype (Ackermann and
Eisenstark, 1974) of the Podoviridae family. All the samples differed greatly
in capsid sizes, from 56nm of $SFM004 to 138nm of $SFMO08. When taking
the tails sizes into consideration, most phages had a short tail between 15
and 25nm long, apart from $SFM002, $SFM010 and $SFMO008, which were
significantly different to all the other bacteriophages. Although $SFMO008 was
clearly bigger than any other phage, this did not reflect the plaque size;
smaller presumably, due to lower diffusion of this phage in the agar (Elford
and Andrews, 1932).
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¢T7 is the ‘type’ virus of the podoviruses (Kutter and Guttman, 2001), with a
56nm capsid and a 14nm tail (Ackermann and Nguyen, 1983; Dunn et al.,
1983; Sandaa, 2009) and it forms bulls eye plaques (plaques with halos).
Only $SFM004 and $SFMOO0O7 have a similar size capsid to that of $T7 (56
and 60nm, respectively), and based on the tail length many of the
bacteriophages were similar to ¢T7 including $SFM004 and $SFMO007 (18
and 15nm, respectively), but none produced plaques with halo or plaques
that would have grow larger if left incubated for 10 hours or over (data not
shown).

It was suggested that soft rot enterobacteria-infecting podoviruses are
difficult to isolate and that these phages are unusual in the environment
(Ackermann, 2011), though they are more frequently isolated where the host
bacteria is found (Czajkowski et al., 2015). Out of the 2203 phage genomes
published to date at the National Center for Biotechnology Information
(NCBI), 31 are infective against different Pectobacterium spp. and 17 are
podoviruses: ¢PP1 (Lee et al., 2012), $PP2 (unassigned), $PPWS1 (Hirata
et al., 2016a), $PP16 (unassigned), ¢PP81 and ¢PPWS4 are all active
against P. carotovorum subsp. carotovorum, $Peat1 (Kalischuk et al., 2015),
¢PP90 (unassigned), vB PatP_CB1 (unassigned) and vB_PatP_CB3
(unassigned) are active against P. atrosepticum, $A38 (Smolarska et al.,
2018) and $A41 (Smolarska et al., 2018) are active against P. parmentieri,
¢PP74 (unassigned) is active against P. wasabiae. Other podoviruses that
infect Pectobacterium spp. include ¢DU_PP_I (unassigned), DU _PP_llI
(unassigned), DU_PP_IV (unassigned) and DU_PP_V (unassigned). Not all
these phages have been completely characterised, but from the available
data, $PP2, $A38 and ¢A41 have similar dimensions to the bacteriophages
isolated, and only these last two podoviruses resemble ¢T7 with a capsid
diameter of 60nm and a tail of about 20nm, but they create very small
plaques.

Overall, the first stages of characterisation have shown that from the host
range there were at least two different groups of phages (¢SFM010 and all
the others) and from plaque morphology and TEM analysis combined there
was another phage (¢SFMO008). Further characterisation is required at this
stage as these results alone are not enough to discriminate between
bacteriophages.
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4.0 Results

Phage growth kinetics determination
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4.1 Introduction

4.1.1 Phage infection kinetics

After first characterising the bacteriophage isolates using plaque and
bacteriophage morphology, experiments that determine the in vitro functional
characterisation of each phage-host interaction were required in order to
justify the selection of a phage as a biocontrol agent (Abedon, 2017). The
likelihood that an individual phage will find its host depends on the phage
diffusion rate and the density of phage-susceptible bacteria, with more
bacteria meaning faster phage adsorption (Kasman et al., 2002). The
generation time of a virus comprises this extracellular search for a host
followed by a latent period (Abedon et al., 2003), which is the time between
phage adsorption and virion release (see Figure 4-1) and it can be measured
through the release of mature phages or through the decrease of infected
bacteria as the media turbidity decreases. Likewise, the eclipse period is the
time when phage proteins and nucleic acids are synthesised but no phages
have yet been assembled inside of the cell. This eclipse period is followed by
a post-eclipse period when the phage progeny mature within the infected
bacteria (Hyman and Abedon, 2009). It was observed that when the latent
period decreased, the progeny production rate and burst size increased as
the host growth rate also increased (You et al., 2002). The release of phages
ends the so-called constant period and starts the rise period that is always
achieved with the burst of the bacterial host, using a phage-encoded lysis
protein or a holin-endolysin system (Young, 1992a; Young et al., 2000; Ing-
Nang Wang et al., 2000). This burst or yield can happen in one or two steps,
with an eclipse period in between. The number of phages released per
bacterial burst, as well as the time required for completion of the lytic cycle
are all specific for each bacteria-host interaction, and this can be visualised
in a one-step growth curve (Ellis and Delbruck, 1939; Hyman and Abedon,
2009). Lytic phages that have short latent periods and large burst sizes
spread faster in bacterial populations, hence they are more successful
evolutionarily (Abedon et al., 2001; Chibani-Chennoufi et al., 2004; Wang,
2006b). For example, phage T7 is a lytic bacteriophage that infects E. coli
and produces approximately 100 progeny viruses per infected cell within 40
minutes at 30°C (Dunn et al., 1983).

4.1.2 Lifecycle characteristics and stages

Bacteriophage life cycles are divided into lytic and lysogenic depending on
their ability to integrate into the host genome. In terms of developing a
bacteriophage treatment, the best candidates are those with lytic growth
since these are more efficient in controlling bacterial populations without any
exchange of genetic material between the bacteria and virus that may
develop any defense mechanism against future phage infections. The
infection cycle of virulent bacteriophages consists of an adsorption period,
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virion attachment and nucleic acid uptake, latent period and virion release by
disruption of the host membrane (Adams, 1959; Hyman and Abedon, 2009).

Burst size

. ] Post-eclipse
Eclipse period period

5
C

Plaque-forming units / ml

Latent period

Generation time

\ 4

Time (minutes)

Figure 4-1: Diagram of a typical one-step growth curve. The generation
time is the time that a bacteriophage takes to complete an infection cycle
under optimal conditions, from its addition to the media to the first release of
virions after infection. Within this generation time, the latent period comprises
the moment a phage is attached to its host and/or its nucleic acid uptaken
and lasts until the end of infection, upon viral release. The latent period can
also be subdivided into the eclipse period or constant period when no viral
particles are yet produced, but when phage proteins and nucleic acids are
being synthesised, and it is followed by a post-eclipse period when the viral
particles mature. The latent period and/or post-eclipse period are followed by
a rise period, characterised by the release of virion progeny until the levels
remain constant, the amount of virions released per phage infection is
characteristic for the bacteriophage and bacteria tested and that is the burst
size.
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Adsorption is the point of contact between virus and host and starts the
infection process, it shows host-range specificity and consists of three steps:
initial contact, reversible binding and irreversible attachment (Duckworth,
1987). The first step requires random collisions caused by diffusion, flow
dispersion or Brownian motion, during the second step the phage can still
detach from the host, and the third step occurs between the bacterial
receptor and the phage-binding domain, and it is irreversible (Kokjohn and
Miller, 1992). The adsorption constant is the slope of the logarithm of free
phages versus time (Hyman and Abedon, 2009) and measures the uptake of
viral particles by their host, it follows a first-order kinetics (Krueger, 1931):

_ 23 Po
k= B_tIOQF
where K is the adsorption rate constant in ml/min, B is the concentration of
bacteria in cfu/ml, t is the time in minutes, P, and P are the original and the
final phage titres in pfu/ml (Barry and Goebel, 1951).

Nonetheless, in some cases such as with lambda phage, ¢T4 and ¢T7, the
decrease of free bacteriophages corresponds to a double-exponential
function with a fast followed by a slower decay time; the fast decay depends
strongly on bacterial concentration whereas the slower is a result of the
interaction with their receptor; LamB for lambda phage (Schlesinger, 1932;
Moldovan et al., 2007; Kropinski, 2009). The requirements for optimal phage
adsorption should be characterised as they depend on physical-chemical
factors such as temperature, pH, osmolarity, electrolyte requirements (Ca*?
and Mg*?), mixing conditions, glucose, ammonia, lipopolysaccharides on the
bacterial membrane or if nutrient limitation is required for a protein to be
expressed in the host membrane (such as OmpC for phage T4) (Nabergoj et
al., 2018).

After adsorption, the bacteriophage prepares to inject its DNA into the host
cell and this process has been characterised in T4 and T7 phages. After
binding to the host membrane lipopolysaccharides, the base plate of phage
T4 modifies its structure forming a hole, then the outer sheath contracts and
the internal tube creates a hole through the outer membrane, peptidoglycan
and periplasm of the bacteria, the viral DNA is then injected in about 30
seconds (Trun and Trempy, 2003), within 1 to 3 minutes after infection the
host DNA swiftly binds to the cell membrane and all host metabolism is
inhibited (Kutter et al., 2018). Close to the head-proximal end of the tail are
six fibers, with a N-terminal domain that is attached to the tail and proximal
and distal tail fibers, the latter being responsible for the interaction with the
host (Steven et al.,, 1988; Garcia-Doval and van Raaij, 2012). The core
proteins are ejected through the portal-tail complex into the cell creating a
trans-envelope channel used for DNA translocation (Molineux, 2001; Kemp
et al., 2005; Chang et al., 2010) upon adsorption and it takes between 9 to
12 minutes (Zavriev and Shemyakin, 1982; Garcia et al., 1995) to reach the
bacterial cytoplasm as its tail cannot contract (Trun and Trempy, 2003).
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Additionally it requires two phage proteins to be synthesized in a 4-minute
process, after which these two proteins form a toroid structure that is
responsible for the molecular mechanism that pulls the viral genome into the
cytoplasm (Molineux, 2001; Kemp et al., 2004; Chang et al., 2010). In vivo
tests have shown that all transcription during phage T7 infection is completed
after 12 minutes (McAllister and Wu, 1978; Zhang and Studier, 1995).

It is established that phage early proteins interfere with bacterial proteins,
hence affecting their host metabolism. Once this is achieved, the phage
metabolic enzymes take over and catalyse the reactions that produce the
metabolites needed for viral replication (Chevallereau et al., 2016), such as
nucleotide depolymerisation that are supplied for phage DNA synthesis. In
addition, prevention of osmotic stress seems to be significant among phage
clades (Matthews and Allen, 1983; Adriaenssens et al., 2012; Chevallereau
et al, 2016). The enzyme deoxycytidine monophosphate (dCMP)
hydroxymethylase was the first phage enzyme discovered that was involved
in nucleotide production (Flaks and Cohen, 1957). It is made between 3 and
8 minutes after infection initiation and it is present in T-even phages that use
nucleotides from their hosts (Matthews and Allen, 1983). This degradation of
host DNA occurs between 6 and 20 minutes after infection in phage T4 and it
is a two-step process where different exonucleases take part (Kutter, 1968),
whereas in phage T7 this degradation occurs between 7.5 and 15 minutes
after the start of infection (Sadowski and Kerr, 1970) when approximately
85% of the host DNA is degraded by the phage endonucleases and
exonucleases (Sadowski and Kerr, 1970). Phages require not only protein
and nucleic acid precursors, but also the translation machinery of the host to
complete their life cycle as well as the DNA polymerase and its replisome to
operate as an effective production-line complex (Matthews and Allen, 1983).
The growth of phage T7 is highly dependent on ribosome numbers, thus the
rate-limiting stage of this bacteriophage is the synthesis of phage proteins
(You et al., 2002), the next limiting factor is the host transcription rate that is
directly linked to the concentration of ECRNAP (E. coli RNA polymerase), if
both concentration levels are high the next limiting factor is the phage’s own
DNA synthesis (You et al., 2002).

Late proteins are required for procapsid assembly, failure to produce these in
required high levels will decrease the burst size (You et al., 2002), this is also
affected by cell volume, as larger cell volumes decrease concentrations of
procapsid proteins and smaller cell volumes can decrease the rate of protein
expression (You et al., 2002).

4.1.3 Effect of external factors on phage infection development

Bacteriophages not only depend on the physicochemical conditions of their
surroundings but also they depend on the physiological state of their hosts
(Hadas et al., 1997; You et al., 2002; Golec et al., 2014), that depend
subsequently on the media used (Cohen, 1949; Heden, 1951; Hadas et al.,
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1997), temperature (Ellis and Delbruck, 1939; Kutter et al., 1994), oxygen
tension (Kutter et al., 1994) and any pretreatment (Cohen, 1949; Heden,
1951; Adams, 1959; Hadas et al., 1997). An energised membrane is required
for genome translocation but not for adsorption (Zimkus et al., 1986; Kemp et
al., 2004; Hu et al., 2013).

In the wild, bacteria are rarely in an exponential growth phase, although the
bacterial growth rate is important as higher growth rates produce higher burst
sizes in a linear relationship (You et al., 2002). Despite this, the adsorption
constant and the latent period decrease with higher bacterial growth rates
(You et al., 2002; Nabergoj et al., 2018).

The effect of different MOIs under nutrient limitation conditions was also
characterised in phage T4 (Bryan et al., 2016): infection with low MOIs
resulted in infection and killing of the host followed by a long senescence
period when no phage production was observed, addition of glucose or
casamino acids resulted in a fast production of progeny phage. On the other
hand, the use of high MOls allowed successful bacterial killing, characterised
by a small burst size of about one phage per bacteria released between 120
and 180 minutes after infection and nutrient addition did no affect phage
production. Despite this, the mechanisms that regulate this behavior are not
yet understood though late-gene transcription in exponential phase is directly
linked to DNA replication (Williams et al., 1994; Geiduschek and Kassavetis,
2010).

4.1.2 Aims and objectives

The in vitro functional characterisation of bacteriophage infection is specific
for each bacteriophage-host system, thus it is necessary their determination
as part of their selection as biocontrol agents. Using the one-step growth
curve (1SGC), phage adsorption and the OxoPlate® experiments to
determine the kinetic properties of infection in optimal conditions, and the use
of time-lapse microscopy to calculate the latent period in solid media for each
phage-bacteria was carried out in order to aid in the differentiation between
isolates. Ideally, bacteriophages with shorter latent periods and larger burst
sizes would be selected as biocontrol agents, as these spread faster within a
bacterial population (Abedon et al., 2001; Chibani-Chennoufi et al., 2004;
Wang, 2006a).
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4.2 Determination of phage infection kinetics

4.2.1 Determination of latent period and burst size using one-step growth
curve

In order to determine the phage adsorption constant for each bacteriophage,
a phage adsorption experiment was performed. After inoculation of
bacteriophage to exponentially growing bacteria (P. atrosepticum SCRI 1043
was used for all the bacteriophages apart from ¢SFM010 when P.
atrosepticum was used) to a MOI of 0.001, 1ml samples were taken every
minute for the first 15 minutes and the amount of free phage remaining within
the media was measured (see section 2.8.1 in Materials and methods).
Phage levels remained constant throughout the sampling for all the isolates
without a clear drop in numbers (data not shown), with these conditions it
was not possible to determine the phage adsorption rate precisely.

To characterise the infection kinetics under optimal conditions, the one-step
growth curve experiment was done. After inoculation of bacteriophage to
exponentially growing bacteria (P. atrosepticum SCRI 1043 was used for all
the bacteriophages apart from $SFM010 when P. atrosepticum was used) to
a MOI of 0.001, two 1ml samples were taken every 20 minutes up until 4
hours: one of the samples was used to measure the free bacteriophages in
the media and the other was mixed with 50ul of chloroform in order to
measure the total number of phages. Similarly to what happened in the
phage adsorption experiment, the results from the one-step growth curve
have shown constant levels of phage throughout the duration of the
experiment (4 hours in total) for most samples. Yet, results for phage
$SFMO002 gave a fast latent period of 15 minutes, followed by two bursts with
a 45-minute eclipse period (a total rise period of 3 hours), and a burst size of
132 virions (Figure 4-2). Only 1SGC data could be retrieved for $SFM002.
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Figure 4-2: One-step growth curve obtained for $SFM002. 1ml samples
were taken every twenty minutes after initial inoculation for up to five hours,

each sample was then serial diluted 10-fold and spot-inoculated onto a
bacterial lawn in triplicate.
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4.2.2 Phage kinetics determination on solid media

To test the efficiency of bacteriophages in preventing bacterial growth on
solid media, time-lapse microscopy was undertaken. An overnight grown
bacterial suspension was mixed with a phage stock suspension (using a MOI
of 1), spot-inoculated onto nutrient agar and placed onto the microscope.
Images were taken every five minutes for up to 30 hours using 1000X
magnification, processed using ImagedJ software and plotted as bacterial
number as a function of time (Section 2.8.2.2 in Materials and methods).
When analysing each bacteriophage separately, ¢SFM001 cleared most
bacteria 13 hours after the start and bacterial densities dropped for
approximately 45 minutes (Appendix a, a and b), whereas $SFM002 only
took 5 hours to lyse the bacteria and it lasted for 2 hours (Figure 4-3 a and
b), $SFM003 had its main release approximately at 15 hours and cells
continued bursting until the end of the experiment 15 hours afterwards
(Appendix b, a and b), $SFMO004 cleared most of their host approximately 10
hours after inoculation and this lasted until the end of the run over 20 hours
later (Appendix c, a and b), $SFMO00S5 displayed low bacterial lysis 20 hours
after the start, until then bacterial were steadily growing on the agar
(Appendix d, a and b). $SFMO006 killed most bacteria from the start of the
experiment, a few survivors grew for 22 hours until they were also burst
(Appendix e, a and b), $SFMO007 killed their hosts approximately 8 hours
from the beginning of the experiment and it lasted for 2 hours (Appendix f, a
and b), $SFM008 was released from the bacteria 8 hours from the start and
bacteria kept bursting until the end of the run (over 22 hours) (Appendix g, a
and b), during $SFMOO09 infection bacteria grew fast for the first 8 hours and
they were constantly released until the end of the run 22 hours later
(Appendix h, a and b), $SFMO010 only slowed down bacterial growth slightly
and these bacteria only started to burst 15 hours after the start of the
experiment to remain more or less constant throughout (Figure 4-4 a and b),
$SFMO011 had its bacterial burst 13 hours after the beginning and this lasted
until the end of the experiment (Appendix i, a and b), bacteria infected with
$¢SFMO012 grew for 17 hours until the phage was released from the infected
hosts (Appendix j, a and b), bacterial populations recovered slowly with few
isolated bursts until the end of the experiment, the calculated latent and rise
periods using these methods are show together in Table 4-1.

Taken together the videos show that phages impaired bacterial growth and
they showed common features of infection such as a similar pattern of initial
and isolated bacterial bursts followed by a phase of bacterial growth and then
another cycle of bacterial burst that killed most bacteria, followed by another
cycle of bacterial growth. The bacteriophages isolated were effective in
keeping bacterial densities low on solid media yet they never killed off their
host completely.
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Figure 4-3: Infection kinetics on solid and liquid media experiments. (a)
Images were taken every 5 minutes for up to 10 hours at 1000X
magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings. These were the results obtained from bacteriophage
$SFMO002.
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Figure 4-4: Infection kinetics on solid and liquid media experiments. (a)
Images were taken every 5 minutes for up to 20 hours at 1000X
magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(blue line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings. These results were obtained from bacteriophage
$¢SFMO010.
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4.2.3 Use of bacteriophages to prevent bacterial growth in liquid media

To ascertain the efficiency of each bacteriophage in controlling bacterial
populations in liquid media and to test the best MOI the bacterial viability was
measured. A bacterial inoculum in exponential phase was used (both P.
atrosepticum SCRI 1043 and P. atrosepticum were used) and a phage stock
using different MOls (between 1 and 0.000001), the OxoPlate® experiment
measured time-resolved fluorescence every 2 minutes for up to 9 hours at
room temperature. Data from the experiment was normalised and the partial
oxygen pressure (as a percentage) was calculated per time point for the
average from 6 different replicates and plotted (Section 2.8.2.1 in Materials
and methods). $SFMO001 slowed bacterial growth slightly when using lower
MOIs (0.01 and 0.0001) but no effect was seen when using MOI of 1
(Appendix a, c), the most effective MOI observed for $SFM002 was 1 (with
no bacterial growth for the first 6 hours) and MOIs of 0.001 and 0.000001
only slowed bacterial growth: an initial burst happened 2 hours after
inoculation that lasted for about 30 minutes when using MOI of 0.001 (Figure
4-3 c), all the MOls used for $SFMO003 impaired bacterial growth yet the best
MOIs were 0.01 and 0.0001 (Appendix b, c), not a clear effect was seen
when using ¢SFMO004 for any MOI used (Appendix c, ¢) and a small
decrease in growth compared to the positive control was seen for any MOI
used with $SFMO0S5 (Appendix d, c), medium and low MOIs were more
effective against their host using $SFMO006 though only small (Appendix e,
c), $SFMO0Q7 also had a small effect on bacterial growth with any of the MOls
used although MOls of 1 and 0.0001 were a bit more effective (Appendix f,
c), only a small burst was observed 6 hours after the start of the experiment
when using $SFMO008 at MOI of 0.01 up until then there was no difference
with the positive control (Appendix g, ¢) and a similar pattern happened when
using ¢SFMO009 but at the slowest MOI used (0.0001) (Appendix h, c),
$SFMO010 was tested on P. atrosepticum growth (Figure 4-4, c) and only the
MOI of 0.001 had a clear effect on bacterial growth throughout as the other
MOIs did not have an effect when compared to the positive control, whereas
all MOls used for ¢SFMO0O11 were effective in a dose-response manner
(Appendix I, c) being the highest MOI of 1 the most efficient, in the case of
¢SFMO012, medium and lower MOls were effective to a small degree though
a clear effect was seen with MOI of 1 (Appendix j, c). The calculated latent
and rise periods are shown for all bacteriophages in Table 4-1. In general,
the effect of bacteriophages in liquid media was small and only affected
bacterial growth briefly, on the other hand, bacteria grew slowly during this
experiment and took 5 or more hours to start exponential phase with the
exceptions of the $SFM002 and $SFM0O10 when growth started after 2 hours
(as indicated by the decrease in pOy), in both cases MOls of 0.001 were the
most effective as compared to MOls of 0.00001, 0.000001 or 1.
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Solid media (microscopy)

Liquid media (OxoPlate®)

$SFM001
$SFM002
$SFM003
$SFM004
$SFM005
$SFM006
$SFM007
$SFM008
$SFM009
$SFM010
$SFMO11

$SFM012

Latent period
12
5
15
10
20

22

15
13

17

Rise period
0.75

2

Latent period

55

2

4.5

6.5

Rise period

0.5

0.5

0.75

0.5

0.5

Table 4-1: Comparison between latent and rise periods using solid and
liguid media. Comparison between liquid and solid media phage infection
experiments: solid media results were from one replicate during time-lapse
microscopy whereas liquid media results were from six replicates using the
i hours.

OxoPlate®,

all

results

are

shown
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4.3 Discussion

The rate of phage adsorption is fundamental to phage ecology as it estimates
the impact on cell populations (Kropinski, 2009). The results from the phage
adsorption experiment have not shown a clear trend (data not shown), in
most cases the titre reduction would not be pronounced and never below
10% of the initial inoculum as with ¢T7 (Barry and Goebel, 1951), instead
there was a cyclical component of bacterial bursts followed by bacterial
growth.

Generation of a one step-growth curve requires the synchronisation of phage
infections, yet there seems to be some discordance regarding the MOls to be
used for this experiment, some research suggest that it is better to use MOls
lower than one to ensure that only one phage will infect the host and to avoid
subsequent phage adsorption, thus a 100-fold dilution of the growth media is
suggested (Hyman and Abedon, 2009), other groups have used higher MOls
of 1 (Wei et al., 2017). It mag be that different bacteria require different MOls,
as seen with the OxoPlate™ experiments. The only one-step growth curve
shown was obtained without the media being diluted 1:100. The MOls used
could have been far too low for these experiments creating a Poisson
distribution after the serial-dilution that made the results oscillate greatly. The
one-step growth curve also depends on the development of a productive
infection, the time required for these to become visible along with the manual
handling required carries over some error, in the case of SFMO010 no results
were obtained as the bacterial lawn did not grow enough and the plaques
were too small to be quantified. In addition, most of the one-step growth
curves are shown in log base 10 against time (Hyman and Abedon, 2009;
Brown et al., 2016; Gao et al., 2018) while others are shown as relative burst
size against time (Jun et al., 2016; Wei et al., 2017), we have chosen the first
option as is the most common in the literature.

The results from phage $SFMO002, with a latent period of 15 minutes and a
total burst size of around 132, differ greatly from those of phage T7, with a
latent period between 30 and 50 minutes and a burst size of approximately
200 (You et al., 2002; Xiaoxue Wang et al., 2012). None of the other
Pectobacterium phages have been yet characterised for their kinetic
properties.

The use of OxoPlate® and time-lapse microscopy experiments helped to
understand how the infection develops from the point of view of the host,
both methods were easy to set-up and they can give results in real-time, the
disadvantages include the impossibility of incubating the culture at lower
temperatures (in this case at 20°C) and that no phage quantification could
take place, therefore no eclipse and/or burst size determination was possible.
Also, the impossibility to accurately measure the bacterial number during the
time-lapse microscopy limits the usage of this instrument to certain bacterial
densities as both contrast and cell size changed as the experiment
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developed and the image analysis software could only measure at a set
threshold, this underestimation of infected cells has already been reported
elsewhere (Culley et al., 2016). By use of the OxoPlate®, it is possible to test
different MOIs and bacteria under the same conditions, but some of the
experiments did not show that the bacteriophage used was clearly lytic as
seen using other methods; this may be due to poor bacterial growth at the
time or an example of phage-insensitivity (Sanders and Klaenhammer, 1984;
Danis-Wlodarczyk et al., 2015). The results obtained could not be compared
to other methods as they used different settings, liquid and solid media or
mixing and static conditions, but they provide a reference as how infection
develops over time.

All the time-lapse microscopy experiments had common features: an early
first burst of isolated bacteria, followed by the growth of other colonies that
would eventually disappear in a second main burst that lasted beyond the
end of the experiment in many cases. The first burst suggests that phages do
infect the bacteria very early on, perhaps within the 10-20 minutes taken, to
set up the experiment, thus the phage adsorption experiment should have
shown a decrease in the number of viral particles within this time frame. The
latent period after the first burst was extremely long, and this could be due to
the experiment being undertaken in solid media, which should reflect field
conditions more than when using liquid media, in fact the lack of results from
liquid media could derive from the high shear forces of this environment that
difficult their reversible first adsorption. In some of the videos it was clear that
some bacteria stopped or slowed down growth (data not shown), rather
unlikely from nutrient depletion as other neighboring bacteria did overgrow
them without slowing down their growth. The “hibernation” mode refers to a
persister but reversible dormant state, when the bacteria produce some
phage enzymes, and slow phage development until some nutrients become
available to resume phage production (Nabergoj et al., 2018). These dormant
bacteria could result from a phage infection and perhaps enact defense
mechanisms to slow their metabolism or stop it altogether. On the other
hand, the second burst happened like a coordinated event in many cases,
suggesting that the release of phage-encoded molecules by infected bacteria
could happen in a quorum-sensing manner (Erez et al., 2017).

Efficacy of phage treatment increased when using higher phage titres in
previous studies, and it was suggested that phage-resistance rates were
higher when using higher MOIs; this is indicative of phage-bacteria
interactions (Carvalho et al., 2010). Recently, it was observed that high MOls
helped phages to complete the infection process when they encoded anti-
CRISPRs and their respective hosts CRISPRs, but this was not necessary
when the host lack CRISPR-Cas immunity, so low MOI ended in a successful
viral replication (Borges et al., 2018). This mechanism consisted of a first
wave of infection when phage succumbed to the host CRISPR-Cas system
but still got to deliver the anti-CRISPR proteins that immunosuppressed the
bacteria, leaving it susceptible to a second wave of infection (Landsberger et
al., 2018). In other work, phage treatment was effective in controlling
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bacterial populations, yet after 24 hours bacterial regrowth was observed due
to the selection of resistant variants (Luria and Delbrtck, 1943; Pires et al.,
2011; Oechslin et al., 2017).

4 .3.2 Future work

The completion of phage-adsorption and one-step growth curve experiments
should be the main priority, as well as to obtain biological replicates for time-
lapse microscopy. For the one-step growth curve, using quantitative real-time
PCR (gqPCR) for enumerating phage particles instead of using a traditional
plaque assay would increase the sensitivity (Anderson et al., 2011), though
previous design of specific primers for each bacteriophage should be done
and this can only be achieved when phage genomic sequencing is
completed. As an alternative, there are other automated methods that
measure virus replication using plate-reading fluorescence microscopy
(Culley et al., 2016).

There are a few points that could be addressed to help understand the
interactions between phage and host. For example, bacteriophages must find
a functional receptor to avoid unspecific binding, therefore it is advantageous
to find the membrane receptor that our phages bind to, for example, phage
T7 has been reported to bind to membrane lipopolysaccharides (Lindberg,
1973), but also to the proteins FhuA and TonB (Rakhuba et al., 2010), this
was achieved through molecular characterisation. Also, to understand the
possible effect that temperature has on the receptor, if it produces
conformational changes like being well dispersed throughout the bacterial
membrane at high temperatures or by aggregating into a single patch at low
temperatures (Moldovan et al., 2007), this would help the development of
predictive models of virulence under certain conditions.

In order to understand the phage-host interaction upon infection, the use of
“C- or *S-labelled amino acids can elucidate what proteins are being
produced in a given time period, this technique together with the two-
dimensional (2D) polyacrylamide gel electrophoresis technique (O’Farrell,
1975) was effective in identifying many encoded proteins by phage T4
(Kutter et al., 2018). For example, the use of "C-labelled mixed amino acids
instead of **S-labelled methionine and cysteine helped to know the exact
ratios of all the different proteins in early T4 infection (Kutter et al., 2018)
such is the case of the internal protein I, Il and IIl that are highly synthesised
early in infection and also during late expression, when the structural proteins
are made (Kutter et al.,, 2018). Recent whole-transcriptome studies using
RNA-sequence (RNA-Seq) data have improved gene annotations, finding of
regulatory elements and clarification of temporal transcriptome patterns, as
well as the effect on host transcription regulation after viral infection
(Ceyssens et al., 2014; Chevallereau et al., 2016; De Smet et al., 2016).
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It has been reported that resistant cells can be lysed by phages in the
presence of sensitive cells, this acquisition of sensitivity (ASEN) provides a
previously unidentified route for horizontal gene transfer. As bacteria in
nature coexist in multispecies communities this may be a common
occurrence (Tzipilevich et al., 2017), from the release of phage-encoded
holins that break down the host membrane and posterior release of mature
virions (Calendar and Abedon, 2005). A similar experiment should be
performed to determine the possibility of horizontal gene transfer in this
manner, and measure the consequences that a phage-based treatment
could have for the surrounding plants and microsystems treated, and
subsequently to the environment. Studying phage infection under different
conditions more similar to those encountered in nature, including anaerobic
conditions, stationary phase of growth and/or use of different bacteria will
help the development of mathematical models.
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5.0 Results

De novo sequencing and comparative genomics of
Pectobacterium spp. bacteriophages
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5.1 Introduction

5.1.1 General characteristics of bacteriophage genomes

Morphological and infective characteristics of phages are not enough either
for classification or for use as a biological control agents, thus genomic
sequencing is required. Phage genomes present a modular organisation
(Hendrix et al., 2000; Hendrix et al., 2003), and mosaicism is very common,
with individual or groups of genes present in unrelated bacteriophages as a
result from horizontal gene transfer during evolution.

The infective process is a choreographed event (Lee and Richardson, 2011)
that involves a co-ordinated event of protein synthesis. Once the phage
genome enters the cytoplasm, it down-regulates cellular functions and
reprograms the bacterial cell for production of viral progeny. During phage T7
infection, the denominated early genes or class | are transcribed and
translated by the host RNA polymerases and ribosomes, these include
proteins that degrade the cytosine-containing host DNA (Trun and Trempy,
2003) and in general terms they serve to establish favourable conditions in
the host for phage infection. Middle genes or class Il are involved in DNA
metabolism and T7 RNA polymerase recognises middle and late stage-
specific promoters to initiate transcription (Savalia et al., 2010). Late or class
Il proteins are involved in DNA packaging, virion assembly and lysis
functions (You et al., 2002). The major capsid protein (gp10A, Figure 5-1 a)
is specially important as it is required in the largest quantities for each T7
virion (Steven and Trus, 1986). Procapsid assembly and packaging of phage
DNA by terminases are the last stages before virion release.
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Figure 5-1: a) External structure of ¢T7. All components that conform the
virion structure of phage T7 and their correspondent gene product (gp)
numbers, within the genome each component appears in ascending order as
part of the late genes. Once transcribed they will assemble to create an
“‘empty shell” or procapsid that will be filled with a newly-transcribed phage
DNA genome by the telomerase (adapted from Serwer et al., 2008).

b) Linear replication mode typical of T7-like phages. Phage T7 has
a linear dsDNA genome with 160bp short direct repeats on both genome
ends, the viral replisome opens both strands at the origin of replication and
starts the replication that is bidirectional, leaving incomplete replication at
both 3’ ends which is rapidly finished by the viral DNA polymerase and DNA
ligase, the end result is a concatemer that contains between 5-10 complete
genomes ready to be translocated to empty procapsids. Adapted from
Chaconas and Chen (2005) and viralzone.expasy.org website from the SIB
(Swiss Institute of Bioinformatics).
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5.1.2 Methylation of phage DNA

The genomes of lytic phages are highly methylated to overcome the
restriction-modification system in their hosts (Klumpp et al, 2012).
Approximately 90% of bacterial and archaeal genomes include genome-
encoding restriction-modification (R-M) systems (Roberts et al., 2015), their
main function is to recognise and target any foreign DNA with restriction
enzymes and to protect its own DNA by using methyltransferase (MTase)
activity. There are four types of R-M systems (1, Il, lll and V) that differ in the
functional arrangement of the restriction endonuclease and the
methyltranferase activities and the requirement for specific subunits and
cofactors (Wilson and Murray, 1991). The type | R-M systems are formed by
three subunits: the S or specificity subunit, the M or methyltransferase
subunit and the R or restriction endonuclease subunit (Murray, 2000). The
type Il R-M systems are the most common and they normally work as two
different proteins (Sistla and Rao, 2004). Type Il R-M systems are formed by
the product of at least two different genes, res and mod (Bickle and Kruger,
1993; Su et al, 1999). The type IV R-M systems have both
methyltransferase and endonuclease activities combined in a single enzyme
(Janulaitis et al., 1992; Lepikhov et al., 2001). These R-M systems may be
obtained by the phage through horizontal gene transfer (Jeltsch and
Pingoud, 1996) and they can play a role in regulating host functions (Messer
and Noyer-Weidner, 1988).

5.1.3 Bacteriophage DNA replication

Phage T7 is a model for DNA replication and it is bidirectional on a linear
DNA molecule (Figure 5-1 b), three of the phage proteins along with a host
protein serve as a functioning replisome (Figure 5-2) (Lee and Richardson,
2011). During replication, the helicase domain of the primase/helicase
protein (gp4) unwinds dsDNA to supply the DNA polymerase (gp5) with a
ssDNA template. The leading strand is synthesised continuously by the DNA
polymerase in conjunction with host thioredoxin. At the same time, the
primase domain synthesizes the oligonucleotides used as primers for the
synthesis of Okazaki fragments (Lee and Richardson, 2011). T7 ssDNA-
binding protein (gp2.5) has many functions, on one side it is essential in the
coordination of the synthesis of leading and lagging strands (Lee et al.,
1998), but also binds to the complex DNA polymerase/host thioredoxin and
allows them to catalyse strand-displacement DNA synthesis (Lee and
Richardson, 2011). Both DNA polymerase and the ssDNA-binding protein
contain a phenylalanine in the C-terminal tails, this increases their affinity as
proved by suppressor mutation experiments (Ghosh et al., 2009).

After replication of late genes, DNA packaging is accomplished in a
directional process in all tailed phages characterised so far (Li et al., 2014).
Genome packaging is initiated by the packaging enzyme after recognition of
a specific packaging site on the concatemeric DNA and cut at or near the site
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(pac for ¢T4, $SPP1 and ¢$P22 and cos for ¢T7, ¢T3 and ¢A). In the cos
mode of phage DNA packaging the cleavage sites are more specific and the
packaging lengths are more accurate (Catalano et al., 1995; Fujisawa and
Morita, 2003), whereas the headful mode (pac mode) does not always have
sequence specificity (Fujisawa and Morita, 2003; Casjens et al., 2005). The
terminase gene consists of a small subunit that cleaves the DNA and a larger
subunit that contains a prohead-binding activity: with an ATPase activity that
translocates the cleaved DNA into the prohead in only one direction from the
cleavage point, and a nuclease activity which cuts the concatemeric DNA
and generates the genome terminus (Sun et al., 2012). Phages such as T7
and T3 contain termini with short direct repeats (SDR), these are a few
hundred base pairs long and non-permuted (they are the same in every
virion chromosome) (Casjens and Gilcrease, 2009).

Thioredoxin (trx)

DNA polymerase
gpsS

Leading strand

é a a @ Helicase apd

Primase

Primer

5
o000 | 0%
O

Lagging strand gp5  trx
L J

Replication loop

Okazaki fragmen

Figure 5-2: Model of the ¢T7 replisome. The phage T7 replisome consists
of four proteins: DNA polymerase (gp5) and its processitivity factor, the host
thioredoxin (trx), single-stranded DNA-binding protein (gp2.5) and the
bifunctional DNA primase/helicase (gp4). The lagging strand forms a loop so
that the replication proteins in both strands can touch. The active form of the
helicase/primase protein is hexameric and binds to ssDNA, hydrolyses
nucleotides, translocates on ssDNA and separates dsDNA (adapted from
Lee and Richardson, 2011 and Kulczyk et al., 2017).
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5.1.2 Aims and objectives

To sequence the complete genomes of the isolated bacteriophages was the
main objective before pursuing any plant treatment, as it would inform on the
replicative properties and the real differences between each other and with
other Pectobacterium phages.

General genomic features such as genome size, GC content, number of
coding sequences or presence of tRNA will help determine the main
differences between the phages. Analysis of the GC skew in adenoviruses
ass found to switch polarity close to replication origins and it changes linearly
across the linear genomes (Grigoriev, 1999). For example, in the
papillomavirus genome, the GC skew is positive in one half and its close to
zero in the other half (Grigoriev, 1999). The examination of the GC skews
could point out the origins of replication and the terminus location of the
phage genomes.

The use of different genomic comparison tools such as dot plot analysis
allows the comparison of all genomes in one graphic. Genomic dot plot
analysis consists of placing the nucleotide sequences across both the X- and
Y-axis: a dot is placed where the sequences are identical, and results in a
diagonal line down the centre of the plot when a sequence is compared to
itself.

The analysis of coding regions can elucidate the lifestyle of the
bacteriophages. For example, the detection of the ability to integrate in the
host genome by the presence of integrases, the presence of bacterial toxin
genes or virulence factors that can induce toxicity in the host or its
environment upon infection, and the type of different endolysins that would
explain the lysis mechanism.

Finding host defense mechanisms in the form of modified bases or the
presence of DNA methyltransferases in the genome. Thus altering the host
restriction-modification, but also inhibitor of toxin/antitoxin systems, the
presence of auxiliary metabolic genes (AMG) or host- derived genes that
may facilitate viral production (Rohwer and Thurber, 2009; Breitbart, 2012) or
limit the host range (Verheust et al., 2010) can explain how the infective
cycle develops.

By establishing the DNA termini of the genomes, we might confirm the DNA
replication mechanism and the DNA packaging method. The determination of
genomic termini needs to be analysed together with restriction enzyme
analysis, since short direct repeats will result in equimolar fragments that will
not be altered by heating and cooling as with cos sites (Casjens and
Gilcrease, 2009).
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Another analysis involves the genomic comparison of our isolates: current
guidelines for defining a phage species suggest that any two bacteriophages
with an average nucleotide identity (ANI) > 95% should be considered the
same species (Adriaenssens and Brister, 2017).

All soft rot enterobacterial phages sequenced to date contain dsDNA
(Czajkowski, 2016a). TEM analysis of our phages included them as part of
the Podoviridae family (section 3.2.3 in chapter 3). Moreover, phages of the
subfamily Autographivirinae encode for an RNA polymerase (Lavigne et al.,
2008), and includes seven Genera: Phikmivirus, Kp32virus, Kp34virus
(Eriksson et al., 2015), Sp6virus, Frilvirus, Pradovirus and T7virus. The
presence of a phage RNA polymerase will place our phages in this
subfamily, and by producing a phylogenetic tree including the main
representative viruses from each genera we can classify the phages up to
this level.

Phylogenetic analysis will also position our phages with respect to other
Pectobacterium phages and even other Enterobacteria phages. The
introduction of the small subunit rRNA as a phylogenetic marker enabled a
better understanding of diversity and role of bacterial communities (Fox et al.,
1980; Lane et al., 1985; Hugenholtz et al., 1998). There is no such
conserved protein or gene that allows the classification or characterisation of
phages, as an example, the polymerases only worked for several viral
families (Culley et al., 2003; Breitbart et al., 2004), and there is not a single
protein present in all phages (Rohwer and Edwards, 2002). The more
characters that two or more organisms share, the more closely related that
they are, this is why more approaches are based on the comparative
analyses of one or more genes, like the terminase sequence (Serwer et al.,
2004; Casjens and Gilcrease, 2009; Lim et al., 2014), polymerase genes
(Buttimer et al., 2018), structural genes (Chibani-Chennoufi et al., 2004), or
whole proteomes (Rohwer and Edwards, 2002; Lavigne et al., 2009) have
been proposed to classify phages. A phage proteomic tree summarises
many morphological aspects used for ICTV classification (Rohwer and
Edwards, 2002), and it would reflect any genetic recombination between
phage groups within the same environment (Hendrix et al., 1999) as well as it
would reveal any common ancestors (Rohwer and Edwards, 2002), because
nucleotide sequences diverge more quickly.
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5.2 Characterisation of bacteriophage genomes

For the purpose of deciphering the lifecycle, presence of toxins and/or
determining the closest model bacteriophage to our isolates, genomic
sequencing was performed. All twelve bacteriophages were sequenced over
a period of 2 years, during this time, the DNA isolation method was changed
and the sequencing protocol improved. Bacteriophages ®SFM002 and
®SFMO003 were sequenced first; the phenol-chloroform method (see section
2.9.1 in Materials and methods) was used to isolate their DNA and both were
sequenced within the same sequencing chip, whereas the remaining
bacteriophages had their DNA extracted using a commercial kit (see section
2.9.2 in Materials and methods) and were all sequenced using two
sequencing chips.

5.2.1 General genomic features of the isolates

With the purpose of comparing all twelve samples, once the genomes were
timmed and assembled their general genomic features could be
investigated. Through the use of restriction enzyme digestions and the use of
different software programs, the general genomic features were determined
(see section 2.13.7 in Materials and methods). Based on restriction enzyme
analysis, all genomes had circular (Figure 5-3, a to d), dsDNA, with no cos
ends and with short direct terminal repeats (DTR) of just over 200bp (Figure
5-4, a and b), with sizes ranging between 39865 (PSFM003) and 40538bp
(PSFMO010) and coverage ranging from 7 (PSFMO008) to 285 (PSFM011)
(Table 5-1). These results mean that these isolates very similar to each other
and comparable to ¢T7 as it also contains short terminal repeats.
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Figure 5-3 (a): RE digestion profiles of $SFM001 (first 5 sample
columns), $SFM002 (second 5 sample columns) and $SFM003 (last 5
sample columns). MM: molecular marker is A Hindlll for all the gels, and all
the restriction enzymes are in the same order: 1 is Pacl, 2 is Bsshll, 3 is
Bglll, 4 is Aval and 5 is Spel. 0.5ug of phage DNA sample were used per RE
digestion, and it was left incubating for 2-3 hours at the required temperature,
the 1% gel was run for 5-6 hours.
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b)

Figure 5-3 (b): RE digestion profiles $SFM004 (first 5 sample columns),
$SFM005 (second 5 sample columns) and $SFMO006 (last 5 sample
columns). MM: molecular marker is A Hindlll for all the gels, and all the
restriction enzymes are in the same order: 1 is Pacl, 2 is Bsshll, 3 is Bglll, 4
is Aval and 5 is Spel. 0.5ug of phage DNA sample were used per RE
digestion, and it was left incubating for 2-3 hours at the required temperature,
the 1% gel was run for 5-6 hours.
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Figure 5-3 (c): RE digestion profiles of $SFM007 (first 5 sample
columns), $SFM008 (second 5 sample columns) and $SFMO009 (last 5
sample columns). MM: molecular marker is A Hindlll for all the gels, and all
the restriction enzymes are in the same order: 1 is Pacl, 2 is Bsshll, 3 is
Bglll, 4 is Aval and 5 is Spel. 0.5ug of phage DNA sample were used per RE
digestion, and it was left incubating for 2-3 hours at the required temperature,
the 1% gel was run for 5-6 hours.
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Figure 5-3 (d): RE digestion profiles of $SFM010 (first 5 sample
columns), $SFM011 (second 5 sample columns) and $SFM012 (last 5
sample columns). MM: molecular marker is A Hindlll for all the gels, and all
the restriction enzymes are in the same order: 1 is Pacl, 2 is Bsshll, 3 is
Bglll, 4 is Aval and 5 is Spel. 0.5ug of phage DNA sample were used per RE
digestion, and it was left incubating for 2-3 hours at the required temperature,
the 1% gel was run for 5-6 hours.
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Figure 5-4 (a and b): Terminus analysis using Hindlll and PhageTerm
analysis. a) 1% gel using A Hindlll as a marker and restriction enzyme
digestions using BamHI (lanes 1 and 2), EcoRI (lanes 3 and 4) and Pstl
(lanes 5 and 6) to digest the ¢SFMO0O0O1 genome. The second digested
sample (lanes 2, 4 and 6) was incubated at 70°C for further 10 minutes in
order to determine cos end presence. b) PhageTerm analysis of phage ends
disclosed the terminus characteristics and packaging mode of our isolates.
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Phage | Size (bp) | Coverage | GC content Predicted genes

name (%) (PROKKA)
®SFM001 | 40329 133 50.2 47
®SFM002 | 40315 24 50.2 49
®SFM003 | 39865 103 50.2 53
®SFM004 | 39882 98 50.2 46
®SFM005 | 39882 80 50.2 46
dSFM006 | 39882 132 50.2 46
®SFMO007 | 39882 45 50.2 46
®SFM008 | 40047 7 50.2 46
®SFMO009 | 39898 184 50.2 47
®SFM010 | 40538 191 50.2 47
®SFMO011 | 40329 285 50.1 47
®SFM012 | 40335 8 50.2 49

Table 5-1: The general genomic characteristics. After trimming of the
samples, genome size and G + C content were determined, and several
programs were used for annotation, including PROKKA, FGenesV, Glimmer
and RAST.

The average GC content of these genomes was 50.2 (all apart from 50.1 in
®SFMO011), which was the same GC content associated with the host
bacterium P. atrosepticum at 50-51% (Bell et al., 2004), like $PP1 (Lee et al.,
2012), ¢PP2, $PPWS1 (Hirata et al., 2016b) and ¢Peat1 (Kalischuk et al.,
2015) that also infect Pectobacterium spp.. Thus, the G+C content of all the
genomes closely matched their host. Detection of any tRNAs in the genome
was done using the programs ARAGORN and tRNA Scan-SE. No tRNAs
were revealed, that indicated that all the bacteriophages used similar amino
acids to their bacterial hosts (Delesalle et al., 2016).

Presence of bacterial toxins in the phage genome is indicative of mobility of
genetic elements within prophages (Abedon and Lejeune, 2007). It was
analysed using the BTXpred server (see section 2.13.7 in Materials and
methods). No bacterial toxins were found, thus all the bacteriophages were
safe for use as a biocontrol agent as no known toxins or virulence factors
could be released to the environment.

In order to determine the number and function of all the coding sequences in
each phage genome, different software was used and every open reading
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frame (ORF) was manually checked for protein function and/or structure
using BLASTP, Pfam and InterProScan, and the coding sequences obtained
from PROKKA were chosen over the others (RAST, Glimmer and FGenesV)
as the most accurate. The number of ORFs varied depending on the
software used: PROKKA and RAST predicted between 46 and 53 different
ORFs, with an average of 47 per bacteriophage (Table 5-1), whereas
Glimmer predicted between 52 and 75 ORFs with an average of 54, and
finally FGenesV predicted between 39 and 50 ORFs with an average of 45
per genome. Whole genome analysis did not show homology to previously
reported bacteriophages of both Pectobacterium and Dickeya spp., and from
BLASTP analysis of individual ORFs, the most closely-related phages
included ¢T7, ¢PP74 and ¢DU_PP_II (both infecting P. atrosepticum) and
Yersinia phage AP10, that infects Vibrio, with similar genome sizes (40kbp)
and number of coding sequences (approximately 50 in ¢T7 and $AP10). All
predicted ORFs were located in the same strand, apart from one located in
¢SFMO010 (Figure 5-8 d). All bacteriophages showed the same genomic
organisation, and the general features were put together (Table 5-2), an
example of detailed features and e values for $SFM002 was also completed
(see Appendix k). Hypothetical proteins were found to total between 30 to
40% within each phage genome (data not shown). No integrase,
excisionase, or repressor genes were detected, suggesting that all phages
have a lytic lifecycle, this was also supported by the PHACTS program
(Figure 5-5).

Consequently, whole genome sequencing analysis showed bacteriophages
with a linear, dsDNA molecule with no cos ends and short terminal repeats,
with GC content between 50 and 51%, no tRNAs or bacterial toxin genes and
containing approximately 50 coding sequences. All bacteriophages showed
high similarity with no unusual features from other Pectobacterium spp.
phages, and further analysis, such as genomic mapping and comparison of
core genomes were required to discriminate between them.
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« Lifestyle:
Analysis Statistics
Probability that phage is Lytic
1
Ten iterations of PHACTS were performed using the default settings. The phage 0.9
was confidently predicted as having a Lytic lifestyle. 0.5 4
0.7 +
0.6 ~ I
Predicted Class Averaged Probability Standard Deviation| 05
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0.5
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Analysis Statistics
Probability that phage is Negative
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Ten iterations of PHACTS were performed using the default settings. The phage 0.9 -
was confidently predicted as infecting a Gram Negative host. 0.5
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Figure 5-5: Prediction of the bacteriophages lifestyle against their Gram
negative host according to the PHAge Classification Tool Set (PHACTS)
analysis. All sequences were submitted individually to PHACTS (hosted by
PhAnToMe.org) with default settings. PHACTS uses a similarity algorithm
and a supervised Random Forest classifier to predict the lifestyle of a phage,
using proteome data with a 99% precision rate.
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Gene number Function
gp 19 Terminase (DNA packaging protein)
ap7 Protein kinase (for the host RNA
polymerase)
- RNA polymerase
- DNA ligase
- Bacterial RNA protein inhibitor
- Endolysin
gp 4 DNA primase/helicase
ap 5 DNA poplymerase
gp 2.5 ssDNA binding protein
- Portal protein
- HNS-binding protein
- Exonuclease
- Tail assembly protein
gp 8 Head-to-tail joining protein
agp 9 Capsid assembly protein
gp 10A Major capsid protein
gp 11 and gp 12 Tail tubular proteins
gp 14,gp 15and gp 16 Internal virion proteins
gp 17 Tail fiber proteins

Table 5-2: General genome organisation and function of the isolated
bacteriophages. All predicted CDS were individually checked for their
function and a general table with the main coding sequences for the
genomes was drawn.

5.2.2 Genomic organisation and nucleotide comparison of the bacteriophage
genomes

On the basis of genomic analysis, it seemed that all of our bacteriophages
were safe to use in plant treatment, thus we had to discriminate between
them in order to design the most effective phage cocktail.

An easy way to compare genomes at the nucleotide level is by producing a
dot plot alignment and a CCT map, all twelve nucleotide sequences were
compared to one another and also to their closest phage genomes from the
previous BLASTP search. Dot plot analysis revealed remarkable similarities
between our sequences (Figure 5-6 a), and this similarity was even more
remarkable when the closest genome sequences from other bacteriophages
were added (Figure 5-6 b). Some features clearly stand out, like phage
¢SFMO03 where there were clear indels when compared to the other
samples (seen as overlapping edges), or that some phages looked like they
were identical to each other, such as ¢SFM001, $SFMO004, $SFMO0O05,
¢SFM006 and ¢SFMO07 or ¢SFMO09 and $SFMO12 (characterised as a
unique diagonal line). The CCT map using nucleotide analysis gave a
similarity of at least 98% or more, such was the case for ¢SFMO0O01,
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¢SFM010 and ¢$SFMO11 that had 100% (Figure 5-7 a and c, and for
individual analysis see Appendix I), seen as a black line on the outer ring.
Another interesting feature from the CCT map was a large deletion in
¢SFM003, ¢$SFM004, ¢$SFMO05, ¢SFMO006, ¢$¢SFMO07, ¢$SFMO08 and
$¢SFMO009, approximately 200-300 nucleotides long located in the structural
region (the absence of a gap within the ring indicated this deletion where the
tail tubular protein or gp 11 is, seen in detail in Figure 5-7 b and d). The dot
plot results suggested the presence of 3 distinct groups of phages based on
completely similarity and presence of indels or extra gene copies, whereas
from the CCT map results there were three different groups based on being
100% similar and the presence of a 200-300 nucleotide deletion. All the
bacteriophages are highly similar to one another at the nucleotide level and
more comparisons should be performed such as comparison of core
genomes, average nucleotide identity (ANI) or different phylogenetic
analysis.
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Figure 5-6 (a): Nucleotide comparison between all the bacteriophages
isolates using dot plot analysis. Dot plot alignment of nucleotide
sequences from twelve isolated bacteriophage genomes. Where necessary,
genomes were reverse complemented and/or colinearised. Black diagonal
lines parallel to the main diagonal indicate perfect sequence similarity while
grey lines indicate weaker sequence correspondence. Parallel lines to the
main diagonal indicate repeated regions in the same reading direction on
different part of the sequences, indels are shown as overlapping edges.
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Figure 5-6 (b): Nucleotide comparison between all the bacteriophages
using dot plot analysis. Dot plot alignment of nucleotide sequences from
the twelve isolated bacteriophage genomes along with ¢T7, ¢PP74,
¢DU_PP_Il and ¢vB_YenP_AP10 phages, these phages were added as they
shown the most similarity when performing BLASTP analysis on their coding
regions. Where necessary, genomes were reverse complemented and/or
colinearised. Black diagonal lines parallel to the main diagonal indicate
perfect sequence similarity while grey lines indicate weaker sequence

correspondence.

Indels are shown as overlapping edges and repeated

regions are paralell lines in the same reading direction to the main diagonal.
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In order to determine the origin of replication of the phage genomes, visual
analysis of the GC skew in the CCT map (two inner rings, Figure 5-7 a and c)
showed that it was positive in one half on the genome and the other half was
close to zero as previously seen in other genomes (Grigoriev, 1999). This
effect was replicated in all the phage genomes. From this analysis the origin
of replication would be placed upstream of the terminase genes, at the top
right corner of each figure (detailed in Figure 5-8, b and e).

To compare the genomes at the coding sequence level, another CCT map
and a pairwise comparison map were produced In the pairwise comparison
maps ORFs were divided into six groups according to their functions:
transcriptional regulation, phage replication, transcription of structural
elements, tail fibre, cell lysis and DNA packaging (Figures 5-8 and 5-9).
When using CCT to compare between the coding regions (Figure 5-8), the
similarities reached between our phages were even higher that when using
nucleotide maps, and we included $SFM001, $SFM010, $¢SFMO11 and
$SFMO012 together as they shown 100% BLAST similarity, another group that
had almost 100% identity overall was formed by ¢SFMO004, $SFMOO05,
$SFM006, $SFM007 and $SFMO08 (see Appendix m). Also, most of the
variability could be traced to two main regions: the immediate region before
the RNA polymerase (Figure 5-8, b and e) and within the structural proteins
region (Figure 5-8, c and f). Pairwise comparison of the genome maps just
corroborated the high homology between the bacteriophages and that the
main differences between sequence lengths resided within the structural
regions and an indel in the replication module in $SFMO011 (Figure 5-9 a),
this analysis seems to reinforce the hypothesis that there are more gene
copies en some of the bacteriophages as opposed to deletions in the
genome as these do not appear as such. The addition of their closest
homologs in the comparison only served to highlight the more conserved
regions, interspersed by stretches with lower homology (Figure 5-9 b). The
use of genome maps served to point out the high similarity between these
genomes and how different they are from previously sequenced
bacteriophages (shown at the bottom of Figure 5-9 b).

To further compare these genomes, their core genomes were analysed. The
core-genome and accessory genome phylogeny trees were obtained using
Roary and FastTree programs (section 2.13.7 in Materials and methods).
The core genome was identified as a set of 39 genes (Figure 5-10 a),
accounting for approximately half of the genome (identified a total of 79
genes using this software, data not shown), since this tree could not
differentiate between genomes, an additional tree was created using their
accessory genes (Figure 5-10 b). From the core and accessory gene
analysis, the main differences between our isolates included few hypothetical
proteins downstream from the terminase genes (arbitrary starting point in
Figures 5-7 and 5-8, it corresponds to the first and last coding sequences in
Figure 5-9 a) or upstream from the inhibitor of the toxin/antitoxin system
genes (“other function” gene in between two replication genes in Figure 5-9
a), the presence of two DNA ligases with the same size (1109bp, Table 5-3)
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that are exclusively present in the genomes of all apart from ¢SFM003 and
¢SFMO011 that contain both, and the presence of different copies of RNA
polymerases (with differing sizes) in ¢SFM002 (3 copies), $SFM003 (2
copies) and ¢$SFMO012 (2 copies), being the RNA polymerase from the
Yersinia $AP_10 the most common as it is present in all the genomes, the
other polymerases are from the E. coli $CICC 80001 (present in $SFM003
and ¢SFMO012) and ¢T7 and another Enterobacteriaceae polymerase
(presence of both in ¢SFM002), other interesting features included the
presence of an additional exonuclease and DNA polymerase in $SFMO004
(Table 5-3), an additional bacterial RNA polymerase inhibitor in both
$SFMO003 and $SFMO011 genomes and an additional tail tubular protein and
peptidoglycan hydrolases (three in total) in $¢SFM003 genome (Table 5-3).
These results highlight the main differences between our bacteriophages,
whose core genomes are very similar apart from having alternative or extra
copies of certain genes.

In order to investigate more thoroughly the main differences between these
genomes, functional searches for each individual CDS using Pfam,
InterProScan and BLAST identified some interesting features. All DNA
polymerases were similar to the Klebsiella $K5 (with the only exception of
$¢SFMO004, where the similarity was with $T3), all primase/helicase proteins
were identical to Yersina ¢phiYE F10 and Serratia $2050H2, and most
ssDNA-binding proteins were similar to Pectobacterium ¢PWS4 (¢SFM004 to
$SFMO012) with the exception of $SFMO002 and $SFMO03 with similarity to
Serratia $SM9-3Y and Citrobacter $SH1. Structural genes were more similar
between the samples but they still contained some differences: all tail
assembly proteins, tail tubular proteins, major capsid proteins and tail fibre
proteins were similar to those from Pectobacterium phage DU_PP_lII, all
head-to-tail joining proteins were similar to the Yersinia ¢vB_YenP_AP10
and all capsid assembly proteins were like the Yersinia ¢vB_YenP_AP5 (with
the exception of $SFMO001 that did not have one, and $SFMO002 that had an
additional one similar to Enterobacteria $T3. The internal virion proteins (a, b,
¢ and d) were all similar, in the following order: a was similar to
Pectobacterium ¢PP74, whereas b, ¢ and d were similar to Yersinia
¢vB_YenP_AP10 (but $SFM0O03 had an additional internal virion protein D
similar to Pectobacterium ¢DU_PP_II). All terminase genes (both subunits)
from all the phages were similar to Yersinia $vB_YenP_AP10. These results
highlighted the main differences within the bacteriophages in terms of coding
regions, and it explained the indels previously observed on the dot plot
analysis of $SFMO003.
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Figure 5-7 (a): Nucleotide comparison between all the bacteriophages
with $SFM002 using CCT view. All phage genomes were manually
colinearised placing the starting arbitrary point at the start of the open
reading frame of the large terminase subunit gene (1), then each phage was
compared individually to each other and the four closest phages from
BLASTP results were added (¢DU_PP_II, $PP74, $T7 and ¢vB_YenP_AP10
in the internal ring), dark red shows 90% similarity whereas black shows
100%. GC content and GC skews (+ and -) were shown as the innermost
rings.
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Figure 5-7 (b): Detail of nucleotide comparison between all the
bacteriophages with $SFM002 using CCT view. Close-up image of the
nucleotide sequence with highest variability surrounding the structural region
(approximately 26900nt from the starting arbitrary point, the terminase gene),
dark red shows 90% similarity whereas black shows 100%. GC content and
GC skews (+ and -) were shown as the innermost rings.
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Figure 5-7 (c): Nucleotide comparison between all the bacteriophages
with $SFM010 using CCT view. All phage genomes were manually
colinearised placing the starting arbitrary point at the start of the open
reading frame of the large terminase subunit gene (1), then each phage was
compared individually to each other and the four closest phages from
BLASTP results were added (¢DU_PP_II, $PP74, $T7 and ¢vB_YenP_AP10
in the internal ring), dark red shows 90% similarity whereas black shows
100%. GC content and GC skews (+ and -) were shown as the innermost
rings.
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Figure 5-7 (d): Detail of nucleotide comparison between all the
bacteriophages with $SFM010 using CCT view. Close-up image of the
nucleotide sequence with highest variability surrounding the structural region
(approximately 27100nt from the starting arbitrary point, the terminase gene),
dark red shows 90% similarity whereas black shows 100%. GC content and
GC skews (+ and -) were shown as the innermost rings.
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Figure 5-8 (a): Phage genome organisation comparison with $SFM002
using CCT view. All phage genomes were manually colinearised placing the
starting arbitrary point at the start of the open reading frame of the large
terminase subunit gene (1), then each phage was compared individually to
each other and the four closest phages from BLASTP results were added
(¢DU_PP_II, $PP74, ¢T7 and ¢vB_YenP_AP10 in the internal ring), dark red
shows 90% similarity whereas black shows 100%. GC content and GC
skews (+ and -) were shown as the innermost rings.
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Figure 5-8 (b): Detail of nucleotide comparison between all the
bacteriophages with $SFM002 using CCT view. Close-up image of the
nucleotide sequence with indels or extra genes copies surrounding the early
genes region (approximately 2500nt from the starting arbitrary point, the
terminase gene), dark red shows 90% similarity whereas black shows 100%.
GC content and GC skews (+ and -) were shown as the innermost rings.
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Figure 5-8 (c): Detail of nucleotide comparison between all the
bacteriophages with $SFM002 using CCT view. Close-up image of the
nucleotide sequence with highest variability surrounding the structural region
(approximately 26800nt from the starting arbitrary point, the terminase gene),
dark red shows 90% similarity whereas black shows 100%. GC content and
GC skews (+ and -) were shown as the innermost rings.
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Figure 5-8 (d): Phage genome organisation comparison with $SFM010
using CCT view. All phage genomes were manually colinearised placing the
starting arbitrary point at the start of the open reading frame of the large
terminase subunit gene (1), then each phage was compared individually to
each other and the four closest phages from BLASTP results were added
(¢DU_PP_II, $PP74, ¢T7 and ¢vB_YenP_AP10 in the internal ring), dark red
shows 90% similarity whereas black shows 100%. GC content and GC
skews (+ and -) were shown as the innermost rings.
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Figure 5-8 (e): Detail of nucleotide comparison between all the
bacteriophages with $SFM010 using CCT view. Close-up image of the
nucleotide sequence with indels or extra genes copies surrounding the early
genes region (approximately 2500nt from the starting arbitrary point, the
terminase gene), dark red shows 90% similarity whereas black shows 100%.
GC content and GC skews (+ and -) were shown as the innermost rings.
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Figure 5-8 (f): Detail of nucleotide comparison between all the
bacteriophages with $SFM010 using CCT view. Close-up image of the
nucleotide sequence with highest variability surrounding the structural region
(approximately 27050nt from the starting arbitrary point, the terminase gene),
dark red shows 90% similarity whereas black shows 100%. GC content and
GC skews (+ and -) were shown as the innermost rings.

135



R i 4 ¢ SFMOO1

D1~ - 1+ ) - ) wh ) s <+ O SFMO02
1
i S - umh) pum i+ ¢ SFMOO3
P 45 4 ) s+ ¢ SFMO04
P ) - o -+ SFMO0S
-~ --) ) -~ & SFM006
-1 o)) mh -+ O SFMO07
4= ¢ SFM008

e b5 )umd pumpummnd- -+ O SFMO09

e M B S B1 B, M.

xx:x::x::::‘.l::z_._ =+ ¢ SFM010
| P ::‘v—‘w—v— = ¢ SFM011

-9y T PP pumpummy 1+ © SFMO12

5 Kop 0
Fag s

Figure 5-9 (a): Phage genome organisation comparison using tBLASTX.
The top twelve genomes correspond to the phage samples. Arrowheads are
genes, where the identity cut-off is set at 21%. They were classified in 5
categories: (1) DNA packaging included both terminase subunits, (2)
transcriptional regulation included the DNA-directed RNA polymerase, the
bacterial RNA polymerase inhibitor and the single-stranded DNA binding
protein, (3) replication included the DNA ligase, the DNA primase/helicase
and the DNA polymerase, (4) cell lysis included the amidase and (5)
structural included the head-to-tail connector potein, the capsid assembly
protein, the major capsid protein, the tail tubular protein, and the internal
virion proteins, the “Other” function category included the endonuclease I, the
b) inhibitor of the toxin/antitoxin system and the exonuclease I.
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Figure 5-9 (b): Phage genome organisation comparison using tBLASTX.
The top twelve genomes correspond to the phage samples and the bottom
four corresponded to ¢DU_PP_II, ¢PP74, ¢T7 and ¢vB_YenP_AP10.
Arrowheads are genes, where the identity cut-off is set at 21%. They were
classified in 5 categories: (1) DNA packaging included both terminase
subunits, (2) transcriptional regulation included the DNA-directed RNA
polymerase, the bacterial RNA polymerase inhibitor and the single-stranded
DNA binding protein, (3) replication included the DNA ligase, the DNA
primase/helicase and the DNA polymerase, (4) cell lysis included the
amidase and (5) structural included the head-to-tail connector protein, the
capsid assembly protein, the major capsid protein, the tail tubular protein,
and the internal virion proteins, the “Other” function category included the
endonuclease |, the inhibitor of the toxin/antitoxin system and the
exonuclease |.
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Figure 5-10: Core (a) and accessory genes (b) comparison using Roary.

The annotated assemblies in GFF3 format of the
using the Roary software that calculates their pan
tree using their core (a) and accessory genes (b)
and absence of genes figure, were created.

samples were analysed
genome. A phylogenetic
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Table 5-3: Extra gene copies for each bacteriophage genome. Analysis

was performed using Roary.
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5.2.3 Analysis of tail fibre protein

In an attempt to decipher the variability of the tail fibre proteins, alignment of
all the nucleotide and amino acid sequences were performed. Although there
was an area that contained more SNPs than the rest of the sequence, these
were only found for $SFM009 and it only changed one amino acid in the
protein sequence (Figure 5-11). This alignment could explain some affinity
for P. atrosepticum as there was a group of bacteriophages that contained
the same SNPs and these were found to produce plaques in this host
(namely $SFMO001, $SFM002, $SFMO010, $SFMO11 and $SFMO012 in Section
3.2.1 and Table 3-2). These differences could not explain the higher affinity
that $SFMO010 has for its host, thus more genes should be involved in host

recognition.
-
a) BAD AVG GOOD
SFMOO1  GCCGATGCGGTCCCTTTAGGCCAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMO02  GCCGATGCGGTCCCTTTAGGCCAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMOO3  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMO04  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMOO5  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMO06  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMOO7  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMOO8  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMOO9  GCCGATGCGGTCCCTTTAGGACAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMO1®  GCCGATGCGGTCCCTTTAGGCCAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMO1l  GCCGATGCGGTCCCTTTAGGCCAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
SFMO12  GCCGATGCGGTCCCTTTAGGCCAGATTCAAGGTATCAATCAGAACGCTTGGCAGGCTCGTGATGAAGCTTTA
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SFMOO1  GGATTCCGTAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMO02  GGATTCCGTAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMOO3  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMO04  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMOO5  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMOO6  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMOO7  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMOO8  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMOO9  GGATTCCGCAATGAAGCTGAAGGATTCCGTAATGTGGCAACCGATCGGGCTAACGTGGCAACTCAACAGGCA
SFMO1®  GGATTCCGTAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFMO11  GGATTCCGTAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
SFM012  GGATTCCGTAATGAAGCTGAAGGATTCCGTAATGTTGCTATAGACCGTGCTAACGTGGCAACTCAACAGGCA
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Figure 5- 11 (a): Nucleotide alignment of the tail fibre protein in all the

isolates. Mismatches are shown on the consensus row as missing, the area

shown corresponds to the highest containing SNPs region (between 430 and

570nt).
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SFMO001 GQIQGINONAWQAR
SFM002 GQIQGIN

SFMO003 GQIQGIN

SFM004 GQIQGIN

SFMO005 GOIQGINONAWOA
SFMO006 GOIQGINONAWOAR
SFMO007 GQIQGINQNAWQAR
SFMO008 GQIQGIN

SFMO009 GQIQGINQ
SFMO010 GQIQGINQNAWQA
SFMO11 GOIQGINONAWOAR
SFM012 GOIQGINQNAWQAR

Figure 5-11 (b): Amino acid alignment of the tail fibre protein of all the
isolates. Mismatches are shown on the consensus row as missing, the area
shown corresponds to the highest containing SNPs region (between 430 and
570nt).

5.2.4 Average Nucleotide Identity (ANI) and phylogenetic analysis of all the
bacteriophages isolated

To design an effective phage cocktail, the phages genomes were compared
to each other to determine which ones were different from one another. The
average nucleotide identity (ANI) of each bacteriophage was calculated and
clustered using and all-versus-all approach. All the bacteriophages had
100% similarity between them, making them all variants of the same phage
(Figure 5-12), the comparison against their closest homologues showed that
they had at least 75% homology with the Vibrio phage AP10 and
approximately 65-70% with the Pectobacterium phage DU_PP_lII, being the
lowest at 60% with phage T7 (Figure 5-12). These results reflected how
similar these sequences are, but also how much they differ from existent
sequenced phage genomes.

Even though previous results showed that the isolates belong to the same
phage species, we still wanted to infer evolutionary relationships between the
phage isolates. Two methods were used in a combined attempt for the
phylogenetic analyses of the large subunit of the terminase and the DNA
polymerase genes: one using ClustalW and another using MAFFT. From the
first analysis of the DNA polymerase alignment, two groups were formed
(Figure 5-13 a, i): one included $SFMO001, $SFM002, $SFM009, $SFMO010,
¢SFM011 and $SFMO012, the other group included the remaining phages.
From the large subunit of the terminase gene, there were again two groups
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formed (Figure 5-13 a, ii): one contained $SFM001, $SFM002, $SFMO010,
$SFMO011 and $SFMO012 and the other group included the remaining phages.
The results for the DNA polymerase and terminase genes using MAFFT
were almost the same (Figure 5-13 b, i and ii) as the ones obtained using
ClustalW. Independently from the method used, both DNA polymerase and
terminase gene analyses agreed on their results.

In order to complete the analysis of the evolutionary relationships, whole
genome phylogenetic analysis using MAFFT and VICTOR software were
performed (section 2.13.7 in Materials and methods). Whole genome
alignment using MAFFT and VICTOR showed the same results as the
polymerase gene alignment (Figure 5-14 a and b), and VICTOR results also
agreed on the previous findings that grouped all the bacteriophages under
the same species. Either by using single gene or whole genome analysis
produced the same phylogenetic trees.

To test the similarities our phage isolates have with other already sequenced
bacteriophages, a genome-wide proteomic tree was generated using the
VIPTree server. The viral proteome tree generated (Figure 5-15) placed our
isolates between Erwinia spp. and Yersinia phages, all well within the
Podoviridae family of viruses and the Gammaproteobacteria host group.
Whole proteome analysis included our isolates within other soil bacteria
(Erwinia and Pectobacterium) and Enterobacteria.

To classify our isolates within the Autographivirinidae subfamily
(characterised by having their own RNA polymerase), a phylogenetic tree
was produced that included all RNA polymerases from our isolates and other
representative viruses from this subfamily (Table 2-12 in section 2.13.7 in
Materials and methods). The RNA polymerase analysis confirmed that the
isolates formed a different clade linked to other T7likevirus (Figure 5-16)
such as ¢T7, ¢T3, ¢vB_YenP_AP10 or $PP74. All our isolates belong to the
T7 viruslike genus.

All the phylogenetic profile methods used included very small branch lengths,
as a reflection on how closely related our isolates are. There were two
distinct groups, either using single gene or whole genome analysis. Whole
proteome analysis placed our phages within the Gammaproteobacteria host
group and the Podoviridae family. From the RNA polymerase analysis, our
isolates belonged to the genus T7virus, closely related to T7 and T3 phages.
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DU_PP_II

Figure 5-12: Average nucleotide identity comparison of the phage
genomes. Clustering of each bacteriophage isolate was based on Average
Nucleotide Identity (ANI), using an average linkage for the Euclidean
distance in the phylogenetic tree, using autoANI analysis and R packages for
the heatmap. Bacteriophages ¢T7, ¢DU_PP_Il and ¢vB_YenP_AP10 were
added for comparison.
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SFM004
SFM007
SFM006
SFM005

SFM008

SFMO11
SFM010
SFM002

SFM009

SFM012
SFM001

SFM004
SFM008
SFM003
SFM007
SFM006
SFM005
SFM009
SFM002
SFMO012
SFM001
SFMO11
SFM010

Figure 5-13 (a): Phylogenetic trees originated from the DNA polymerase
(i) and the large terminase subunit gene (ii) using ClustalW. The
phylogenetic trees originated from polA
phylogenetic trees (a) were originated using ClustalW using default

parameters.

(i) and from terL

(i) Both
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Figure 5-13 (b): Phylogenetic trees originated from the DNA polymerase
(i) and the large terminase subunit gene (ii) using MAFFT. The
phylogenetic trees originated from polA (i) and terL (ii). Both phylogenetic
trees (b) were originated using MAFFT using default parameters.
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1_SFM001
11_SFMO11

12_SFM012

2_SFM002

10_SFMO010
9_SFM009
3_SFM003
8_SFM008
4_SFM004
6_SFM006
7_SFM0O07
5_SFMO005

Figure 5-14 (a): Whole genome alignment using MAFFT. This
phylogenetic tree was originated using MAFFT with default parameters and
visualised with Archaeopterix.
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SFM002@S1_G1_F

SFM003@S1_G1_F
SFM012@81_G1_F1

SFM010@S1_G1_F1

SFM007@S1_G1_F1
1
17
15
L

SFMO11@S1_G1_F1
SFM001@S1_G1_F1

SFM008@S1_G1_F1
SFM006@S1_G1_F1

SFM004@S1_G1_F1
SFM005@S1_G1_F1

t

SFM009@S1_G1_F1

3.0E-4

Figure 5-14 (b): Genome nucleotide comparison of the bacteriophage
isolates using VICTOR (Virus Classification and Tree building Online
Resource). Bacteriophage whole genomes were used for this analysis.
Phylogenetic GBDP tree with a yielding average of 31%, the numbers above
the branches are GBDP pseudo-bootstrap support values from 100
replications. The branch lengths of the resulting tree are scaled. The OPTSIL
clustering yielded one species, one genus and one family clusters.
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Inner ring: Virus family

P Siphoviridae (408)

| Podoviridae (261)
Myoviridae (165)
Ackermannviridae (4)

Outer ring: Host group
Gammaproteobacteria (377)
Actinobacteria (275)
Cyanobacteria (114)
Alphaproteobacteria (29)
Firmicutes (1)

Others (32)

Figure 5-15: Global genomic similarity relationship of the isolated
phages using VIPTree. This proteomic tree was generated using the
VIPTree server using genome-wide proteomic similarities, our isolates are
highlighted in red.
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Figure 5-16: Neighbor-joining tree analysis of the RNA Polymerases of
phages from the seven genera within the Podoviridae subfamily
Autographivirinae. The phylogenetic tree was constructed using a MUSCLE
alignment and the maximum likelihood method in PhyML program. Phage
genera as defined by ICTV are delimited by the coloured areas with the type
species for each genus.
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5.3 Discussion

Obtaining the complete genome sequence of a bacteriophage is an essential
step for regulatory approval for phage-based biocontrol and therapy
applications in any industry.

Phage genomes have been successfully sequenced even at low coverages
(Klumpp et al., 2012; Rihtman et al., 2016), this can present an advantage to
other more used methods such as lllumina sequencing that may misinterpret
the presence of repetitive sequence stretches (Klumpp et al., 2012), or else it
could present a disadvantage as sequencing errors could not be picked up.
Nevertheless, recent advances have allowed the sequence of phage
genomes from a single plaque (Kot et al., 2014).

From the general features of the genomes analysed, there are a few aspects
that require further questioning. The fact that the bacteriophages have
circular dsDNA genome clashes with the previous concept that all tailed
bacteriophages contain linear dsDNA (Casjens and Gilcrease, 2009), since
this point would complicate the packaging and DNA injection processes as
they happen through a narrow portal protein that does not accommodate two
parallel dsDNA threads (Simpson et al., 2000). Moreover, the circularity of
the phages DNA was supported not only from the overlapping sequences of
each isolate, but from the restriction enzyme analysis where the number of
fragments produced agreed with the existence of a circular DNA molecule
(Figure 5-3, a to d), for example, Pacl cuts the genome only twice, BssHII
cuts it between 2 and 3 times depending on the isolate, Bglll cuts the
genomes between 3 and 4 times, Aval cuts between 4 and 5 times and Spel
cuts the genome 4 times. Most of these results reinforce the idea of a circular
DNA, which is the form that the genome would take in the cytoplasm to avoid
degradation by the host defense mechanisms. Contrarily, analysis of the GC
skew in these isolates switches polarity upstream from the terminase gene,
with a positive GC skew for half of the genome and close to zero for the other
half (Figures 5-7 and 5-8). This change in polarity is indicative of the
replication origins in adenoviruses and it changes linearly across the linear
genomes (Grigoriev, 1999), supporting the fact that the genome is linear.

A common feature in all the published soft rot Enterobacteriaceae phage
genomes is their genome organisation (Czajkowski, 2016a). All the analysis
performed was indicative that these isolates were closely related, if not the
same bacteriophage. From their genome sizes, varying only about 700bp, to
their GC content of 50.2% in almost every sample, and restriction maps of
the phage genomes were generated in order to verify genome size and/or
contig alignment (Klumpp et al., 2012)(Figure 5-3, a to d). The dot plot
analysis, CCT view, Easyfig and Roary software only served to support this
and previously sequenced genomes were included in the analysis in order to
illustrate these similarities. The ANI results showed that all the samples were
members of the same bacteriophage species (Figure 5-12), even though
they were isolated from different raw materials and at different times (Table
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3-1). This same result also happened when isolating phages active against
Pectobacterium parmentieri in Poland (Smolarska et al., 2018), indicating
that there is some sequence conservation across globally distributed soils
and that soil viral communities may have some broad biogeographical
adaptation (Emerson et al.,, 2012; Brum et al., 2015; Roux et al., 2016;
Emerson et al., 2018); this could be an effect from living in a soil environment
where encountering a possible host is scarce. Within habitats, viral
communities were characterised as endemic and were structured by soil
depth (Emerson et al., 2018). In addition, it has been observed that phages
living in liquid medium have three times more SNPs than the same phages
grown on plates (Magill et al., 2017), as a direct result from more diffusion of
phage and bacteria in liquid conditions.

From the analysis of some genomic features and their position within the
genome, we can gather some more information about how the infection
develops. The presence of their own RNA polymerase suggests that, like
with ¢$T7 and ¢T3, they use the host RNA polymerase to transcribe early
genes, but then continue to use their own RNA polymerase to activate middle
and late promoters (Klimuk et al., 2013; Shadrin et al., 2013). Middle genes,
such as the ssDNA-binding proteins all displayed a final phenylalanine
residue (data not shown) that increases affinity for the DNA polymerase
(Ghosh et al., 2009). The presence of an exonuclease downstream of the
structural genes, suggests that nucleotides are required in high numbers for
the replisome at this point (Lee and Richardson, 2011). These demands
reflect that infection is a carefully regulated and temporally scheduled
process (Young, 2014), and supports the idea that genes are only kept if they
improve their survival (Sandmeler, 1994; Scholl and Merril, 2005; Thompson
etal., 2011).

Whole genome analysis showed high homology with genomes of two other
bacteriophages from the Enterobacteriaceae family: Escherichia coli phage
T7 and Yersinia enterocolitica phage vB_YenP_AP10. All these phages have
non-overlapping host ranges, and a similar case happenned with the Dickeya
solani phage LIMEstone1 (Adriaenssens et al., 2012)

The genome alone, and subsequently the nucleotide sequence, does not
exclusively explain the main differences between these samples, but their
proteome could indicate their infection mechanism. For instance, a feature
that is typical of T7-like genomes is the position of the endolysin, with
predicted N-acetyl-L-muramoyl amidase activity within the early region and is
homologous to ¢T7 gp3.5. This endolysin is present between the ssDNA-
binding protein and the DNA primase/helicase genes (Figure 5-9 a) in all the
genomes sequenced, and has great similarity with the endolysin from
¢DU_PP_II. It not only breaks the amide bond between the N-acetylmuramic
acid and L-alanine in the peptidoglycan layer of bacterial cell walls but also
interacts with the viral RNA polymerase inhibiting its transcription (Inouye et
al., 1973; Cheng et al., 1994). A second endolysin similar to the Yersinia
phage vB_YenP_AP10 was present in ¢SFM002 and ¢SFMO003. Other
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endolysins were found in the structural region of the genome, corresponding
to late genes. Including a transglycosilase within the internal virion proteins
(although some of these regions were not recognised depending on the
annotation software used), with activity against peptidoglycan and an
accessory function in DNA translocation in the procapsid (Rydman and
Bamford, 2000; Rydman and Bamford, 2002), and a T7likevirus-type spanin
or endopeptidase between both subunits of the terminase gene that is
involved in the disruption of the outer membrane of the host (Young, 2014).
Endolysins are a product of phage evolution and are highly specific through
their requirement to continuously adapt to counteract host peptidoglycan
dynamics (Glauner et al., 1988), but also as a result from horizontal gene
transfer events.

Restriction modification systems are ubiquitous and can be considered as
early immune systems from bacteria (Vasu and Nagaraja, 2013). The phage
genomes are thought to be unmethylated, like that of phage T3, which is
expected as they code for a S-adenosylmethionine hydrolase that removes
the methyl group donor (Molineux, 2012) and is part of the phage defense
against the host type | restriction systems as this molecule is required as a
cofactor for DNA cleavage (Studier and Movva, 1976; Bandyopadhyay et al.,
1985; Vasu and Nagaraja, 2013). Type | restriction-modification systems are
large pentameric proteins that require ATP, Mg+2 and S-adenosylmethionine
for both REase and MTase activities (Loenen et al., 2014). Most bacterial
genomes have only one Type | system, although three or more are common
and once their infecting bacteriophages acquire resistance to the REases,
the bacteria are no longer protected (Loenen et al., 2014).

Toxin-antitoxin (TA) systems are also a bacterial defense mechanism. They
are formed by a toxic protein and a neutralising antitoxin that have an
important role in bacterial physiology, including stress response (Christensen
et al., 2001), programmed cell death (Hazan and Engelberg-Kulka, 2004),
initiation of persister cells (Schumacher et al., 2009), biofilm formation (Kim
et al., 2009) and abortive infection mechanism upon phage infection (Hazan
and Engelberg-Kulka, 2004; Fineran et al., 2009; Koga et al., 2011). An
inhibitor of a TA system was detected in the phage genome as gp4.5, a
protein with 102aa, this protein in $T7 codes for a short protein (89aa) that
overcomes the abortive infection required by the TA system (Sberro et al.,
2013) through interaction with the Lon protease in E. coli consequently
overcoming the rapid destabilisation of the antitoxin protein. In reality, the
bacterial proteases appear to be the weakest link in the TA-mediated
defense mechanism, since all rely on the activity of just a single protease for
multiple TA systems in the same host (Roberts et al., 1994; Lehnherr and
Yarmolinsky, 1995; Aizenman et al., 1996; Van Melderen et al., 1996;
Christensen et al., 2001; Cherny and Gazit, 2004).

The determination of phage termini reflects the different DNA replication

strategies and DNA packaging by the bacteriophage terminase gene
(Casjens and Gilcrease, 2009). In our samples, the termini were similar to
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¢T7 with short direct repeats (Figure 5-4 b) and no cos ends (Figure 5-4 a),
which are linked to a linear DNA replication strategy and formation of
concatemers for DNA packaging. These results were supported by the
analysis of the amino acid sequences of the terminase gene in our samples
and other characterised phages as previously done by Grose et al. (2014)
(data not shown). Thus, concatemer formation and a DNA packaging
strategy similar to that of phage T7 is likely to happen.

Tail proteins feature binding domains, that mediate host recognition with the
cell surface and they are highly strain- or even serovar specific (Klumpp et
al., 2013; Lim et al., 2014) and much research has taken advantage that host
range is linked to tail fibre composition in some phages (Yoichi et al., 2005;
Mahichi et al., 2009; Lin et al., 2012; Le et al., 2013). The tail fiber of
bacteriophage T7 is a trimeric coiled-coil protein (Steven et al., 1988) with a
C-terminal B-propeller responsible for binding the receptor on the cell surface
(Mahichi et al., 2009; Garcia-Doval and van Raaij, 2012; Lee et al., 2012;
Minjung Park et al., 2012; Lim et al.,, 2017). Considering that the most
manageable mode of resistance to a phage that a host can develop involves
receptor variability and/or changes in accessibility to their receptor, it is
obvious that most variations that occur are adsorption-related in the form of
SNPs (Magill et al., 2017). In-depth analysis of the tail fibre sequences would
bring to light varying levels of co-occurrence between SNPs (Magill et al.,
2017), thus explaining where the host range variability resides within our
isolates.

Phylogenetic analyses are important for comparison and to locate sequence
similarities within a variety of different phages. Phage classification has
worked well based on just one criterion, for example using the terminase
sequence (Serwer et al., 2004) or the RNA polymerase in the specific case of
Autographivirinae phages, but it would work better using more phage
characteristics (Ackermann, 2011). In this project, single gene analysis
matched whole genome/proteome analysis but because phages in general
have evolved vertically and by horizontal gene transfer from other phages
and hosts. As a result, they should be classified based on whole genomes
(Lawrence et al., 2002), but also based on other viral properties such as
presence of sugars and/or modified bases in phage DNA and particle weight.
From all the genomic data collected, there are many regions that are present
in some of the samples but not in others. These rearrangements,
duplications and losses are a clear effect of recombination processes, and
they mainly occur in close proximity to more conserved regions, such as the
structural components in the genome.

Genome sequencing is the ultimate technique to study phage-encoded
proteins. However, it only shows translational potential and not the proteins
that are actually expressed during the host infection process (Pardini et al.,
2017). Thus, other omic approaches including proteomics, transcriptomics
and metabolomics could be used in combination in order to completely
understand their interaction (Horgan et al., 2010; Leon-Velarde et al., 2014).
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Also, homology comparisons to characterised Pfam domains (Finn et al.,
2016) and three-dimensional protein structural modeling (Emerson et al.,
2018) will decipher the function of the hypothetical proteins in the future,
once more phage genomes become available.

5.4 Conclusions and future work

Different variants from the same phage species were identified, their
genomes sequenced and characterised both morphologically and through
their infective properties. Despite having different host ranges, these isolates
share close to 100% homology and future work could locate the areas of
genetic heterogeneity that may be responsible for this different phenotype
(Magill et al., 2017), this will be important as it potentially could predict the
rate at which these phages can evolve and change, either restricting or
enlarging their host range.

This newly isolated phage is safe to use as a biocontrol agent, either on its
own or as part of a phage cocktail. The immobilisation onto nanoparticles
using the corona discharge method should be the next optimisation, as well
as in planta tests to check its efficiency.

Routinely sequencing of this phage genome should be performed in the
future, in particular if used as a phage treatment. As a living system, the host
could develop new defence mechanisms that would protect it from viral
infection, and special effort should be put into screening for tail fiber proteins,
endolysins, R-M and TA systems in both hosts and bacteriophages.
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6.0 Results

Characterisation and optimisation of bacteriophage-coated
nanoparticles
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6.1 Introduction

6.1.1 Immobilisation of bacteriophages using plasma treatment

The main drawback when using bacteriophage treatments in the past has
been their vulnerability to environmental factors (Malik et al., 2017). Phages
are protein structures that are susceptible to external factors, such as UV
light and sunlight (Jones et al., 2007; Czajkowski et al., 2015), temperature
(Briers et al., 2008), pH (Briers et al., 2008; Knezevic et al., 2011), presence
of organic solvents (Puapermpoonsiri et al., 2009) and/or proteases (Vranova
et al., 2013). Different methods have been used to improve storage and
increase the shelf life of bacteriophage-based products, these include
encapsulation (Stanford et al., 2010) or freeze drying (Davies and Kelly,
1969; Ackermann et al., 2004) to name a few. The immobilisation by corona
discharge would give phages structural support, thus making them more
resilient.

Plasma treatment or corona discharge has been used to enhance the
attachment between polymers (Barton et al., 2003; Canavan et al., 2006) and
different biological elements (Conte et al., 2008; Luna et al., 2011; Kerkeni et
al., 2013; Recek et al., 2014) to different surfaces. Corona discharge is an
electric discharge between two electrodes or one electrode and a surface.
The direct application of a corona discharge onto a polymer causes surface
modification between oxygen and nitrogen functional groups on its surface.
This, in turn, allows the formation of covalent bonds with molecules
containing carboxyl groups (Chan et al., 1996), followed by crosslinking of
these groups to the amines in proteins such as those found on the surface of
phages (Pearson et al., 2013). The increased content of oxygen-containing
polar groups on the plasma treated surfaces, such as peroxide groups,
carboxyl groups and hydroxyl groups explain their increased wettability or
hydrophilicity (Wang et al., 2016), and this improves phage attachment
(Wang et al., 2016).

Plasma treatments have proved more effective at immobilisation than other
treatments (Wang et al., 2016), though the viral particles must retain their
active conformation. One of the main problems for successful immobilisation
is the correct orientation of the viruses in order to stop steric hindrance
(Richter et al., 2017): virions should be arranged in a tail-up orientation that
would expose their receptor-binding proteins (Richter et al.,, 2017). In a
constant electric field, bacteriophages are positioned as a result of the
nonzero permanent dipole moment of the virions (Richter et al., 2016), which
is around 5600 Debye in phage T7 (Kosturko et al., 1979). The origin of the
dipole moment is a result of the electrophoretic movement of counterions
within the zeta potential surface, as a function of the applied electric field, the
time over which the field is applied and the size of the polymer (Chou et al.,
2002). The total force acting on a polyelectrolyte in an external electric field is
the sum of the electrophoretic force (Fe) due to the net effective linear charge
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density (B) of the polymer and the dielectrophoretic force (F4) due to the
induced dipole moment.

The electrophoretic force on a polyelectrolyte in an electric field is
proportional to the local applied electrical field (E) and originates a constant
velocity (Ve):

Ve = HeE; Fe = Cve = (eE

where e is the electrophoretic mobility of the polymer, ve is the
electrophoretic velocity, and ( is the drag coefficient between the
electrophoretic velocity and the force (Chou et al., 2002).

The zeta potential of phage T7 is -21.1 £ 1.4mV in deionised water (Han et
al., 2014), the negative charge being present in the head as a result of
containing the DNA while the positively charged tail fibers are
electrostatically attracted to bacterial membranes, that are negatively
charged (Baran and Bloomfield, 1978), thus facilitating infection. The tail-up
orientation also increases the theoretical maximum density of phage and the
denominated jamming or maximum coverage is the steric limit to further
adsorption at a particular surface attachment reaction temperature (Naidoo et
al., 2012); this is approximately 100 phages per um™ in optimal conditions
(Richter et al., 2017).

The advantages of this phage immobilisation include low preparation costs,
uniformity of the surface treated, no requirement of any coupling agents,
temperature and pH stability, in some cases endurance to proteases
(Schwind et al., 1992) and organic solvents (Olofsson et al., 1998) and the
possibility of scaling up for industrial and commercial production (Chan et al.,
1996; Hosseinidoust et al., 2014).

6.1.2 Cellulose and nylon particle properties

The two materials used for attachment are cellulose and nylon particles.
Cellulose nanocrystals have many interesting properties, including high
tensile strength, low density, low coefficients of thermal expansion, high
aspect ratio, high surface area as well as optical and electrical functionality
(Lagerwall et al., 2014). These properties, together with the comparable ease
of surface modification due to the hydroxyl groups makes this material very
popular at the nanoscale level (Hosseinidoust et al., 2015). On the other
hand, nylon nanoparticles are interesting for their electrostatic
electrochemistry, as they can carry out electron transfer reactions between
two different polymers (Liu and Bard, 2009). As listed in the Triboelectric
Series (Reches et al., 2009) this material tends to give up electrons causing
it to become positively charged, with a contact potential of about 4.2V, mainly
due to its amide-amide secondary linkages (Arridge, 1967), ultra-pure nylon
membranes are extensively used for DNA/RNA extraction.
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6.1.3 Uses of immobilised bacteriophages

The many uses of phage immobilisation includes sensory/detection
platforms, such as optical detection methods (Smietana et al., 2011),
microbead assays (Horikawa et al., 2011), drug delivery systems (Pande et
al., 2010), mass-based techniques (Guntupalli et al., 2012), surface plasmon
resonance (Ktari et al, 2012), cantilevers (Fu et al, 2011) and
electrochemical sensing (Yemini et al., 2007; Kang et al., 2010). Different
surfaces that have been used include gold nanoparticles (Singh et al., 2009;
Arya et al., 2011), cellulose (Anany et al., 2011) and silica surfaces
(Cademartiri et al., 2010). Detection platforms are a fast and sensitive
alternative to current methods and it has been applied in food (Loessner et
al., 1996) and hospital (Oda et al., 2004; Taniji et al., 2004) environments.
Bacterial pathogens were infected by bacteriophages attached to hard
surfaces in food processing environments, but only with MOI values of 1000
(Hibma et al., 1997; Abuladze et al., 2008) or more (Sharma et al., 2005).
Some platforms have successfully reduced the numbers of Salmonella in
cheese (Modi et al., 2001), chicken (Goode et al., 2003) and melon slices (B.
Leverentz et al., 2001). The importance of these treatments is that they are
an alternative to chemical sanitisers on food surfaces.

6.1.4 Aims and objectives

Once the isolates were fully characterised, the attachment to nanoparticles
was begun. In order to determine the most effective material, nylon and
cellulose nanoparticles were compared to each other and the best for
attachment was selected. In addition, other parameters such as size,
convenience to use stability and infection potential were also investigated.

After selection of the most appropriate nanoparticle, stability tests were also
performed to ensure that phage-coated nanoparticles were more stable at
different temperatures over time than free phages.

Bacteriophage $SFM002 was used for all the tests as this variant was the
most characterised of all of them.
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6.2 Immobilisation characterisation

Resistance of bacteriophage to external factors has been a bottleneck for
phage treatments (Malik et al., 2017). Attachment to nanoparticles or other
surfaces confers structural stability, thus making them more resilient to
environmental factors (Fister et al., 2016). In this chapter, the ability of
bacteriophage-coated nanoparticles to infect bacteria was performed and
compared to that of free bacteriophages and also their stability to
temperature over time.

6.2.1 Comparison between the use of cellulose and nylon particles

The comparison of the two different materials, with different sizes, available
for attachment: nylon and cellulose, was performed. Before attachment,
calculations were made in order to use the same titre of phage per square
centimetre, assuming that the nanoparticles were spherical, the grams
required per nanomaterial were calculated (see section 2.14 in Materials and
methods),. After attachment, the nanoparticles were washed a number of
times to discard any free phages, the methods used included centrifugation
and membrane filtration and the number of steps required depended on the
ability of the supernatants to form plaques (once the supernatants could not
form any plaques, the nanoparticle suspension was ready for further testing).
This optimisation served to choose cellulose over nylon particles for various
reasons, including better infectivity after attachment, the plaques formed
were bigger and visible after various dilutions, ease of manipulation as nylon
could not be used for dilution, being immiscible in the buffer used (Figure 6-
1) and the centrifugation step could not be performed successfully, also the
cellulose nanoparticles were active even after the nylon cellulose stopped
forming plaques. The cellulose nanoparticles were the most appropriate
particles to use for attachment given the results.
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Figure 6-1: Plaques formed by free phages (left half of the plates) and
plaques formed by bacteriophage-coated particles (right half of the
plates). From the top right quadrant and clockwise, comparison between
cellulose, nylon, supernatant from the nanoparticles and free phages (1), the
same samples one week later (2). These samples were used for the stability
test presented in figure 6-3. Each sample was done in triplicate and 10l
were spot-inoculated per replicate, 1.5 cm scale bars are shown.

6.2.2 Comparison between phage-coated nanoparticles and free
bacteriophages

$SFMO002-coated cellulose nanoparticles were tested for their infection ability
against Pectobacterium atrosepticum (not its original host) and
Pectobacterium atrosepticum SCRI 1043. The OxoPlate® method was used
and included different MOls of free bacteriophages for comparison (2.7.2.1 in
Materials and methods). There were two different outcomes depending on
the bacteria used, ¢SFM002 was not effective against Pectobacterium
atrosepticum and only free bacteriophages with 0.001 MOI slowed infection
down, though briefly (Figure 6-2 a). When using Pectobacterium
atrosepticum SCRI 1043 all the treatments used slowed down bacterial
growth at different levels (Figure 6-2 b), for example free $SFMO002 with a
MOI of 0.000001 only dropped growth briefly whereas MOI of 1 inhibited
growth completely (like the negative control containing sterile nanoparticles),
all the other treatments tested worked similarly to one another (free
¢SFM002 with MOI of 0.001, diluted and undiluted $SFMO002-coated
cellulose), retarded growth by two hours at the end of the run (the pO; levels
were between 50-60%, and were achieved six hours after the start of the
experiment on the positive control) . Therefore, $SFMO002-coated cellulose
nanoparticles in suspension were as effective as free $SFM002 with 0.001
MOI.
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Figure 6-2: Prevention of bacterial growth in liquid media using free
bacteriophages and bacteriophage-coated nanoparticles. Oxoplate®
results comparing free bacteriophages against bacteriophage-coated
nanoparticles against P. atrosepticum (a) and P. atrosepticum SCRI 1043 (b)
using different dilutions of $SFM002. Samples were read every five minutes
for eight hours at room temperature, a solution containing sterile
nanoparticles was used as the negative control, whereas untreated bacteria
were used as positive control, three different MOls were tested with free
bacteriophages and two different dilutions were tested for bacteriophage-
coated nanoparticles (MOls could not be calculated). The results shown were
the average from six replicates.
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6.2.3 Temperature stability of phage-coated particles, compared to free
phages

Temperature stability was compared between ¢$SFMO002-coated cellulose
nanoparticles and free $SFMO002. Their ability to form plaques was measured
after incubation at 4°C, room temperature, 30°C and 37°C over a period of
time (6 days for free phages and four weeks for the attached ones). The free
$SFMO002 were incubated for a week since decrease in numbers was seen
after just one day for all the samples (Figure 6-3 a): the same starting stock
of approximately 10°pfu/ml was used, after one day all the samples lessened
approximately 10-fold with the exception of the samples incubated at 37°C
where the decrease was higher. By day 2, only the samples kept at 4°C
declined another order of magnitude, whereas room temperature was slightly
more and both 30°C and 37°C incubations dropped 100-fold compared to
day 1. Six days after the start of the experiment the only samples left were
the ones incubated at 4°C and at room temperature, that had both the same
titre as the 30°C and 37°C two days after the start of the experiment (just
below 10°pfu/ml). The $SFM002-coated nanoparticles were incubated for
approximately a month (Figure 6-3 b) with differing starting stocks: all the
samples had 10"pfu/ml apart from the 37°C which had 10°pfu/ml. The 4°C
sample remained the same throughout the whole experiment and the 37°C
sample did not form any plaques after the starting week. On the other hand,
the room temperature sample dropped slightly on week one and maintained
this titre for weeks two and three to drop to 10°pfu/ml on the last week. The
samples incubated at 30°C decreased by 10-fold on week one, another 10-
fold decline on week two and then remained more or less the same for the
rest of the experiment. When comparing both sets, the samples incubated at
37°C did not survive after one week independently of being attached or not,
followed by the samples incubated at 30°C which did not last after one week
if unattached but they survived well after four weeks if attached to
nanoparticles. The samples incubated at room temperature dropped from
10°pfu/ml to 10°pfu/ml in less than a week as free $SFM002, whereas the
attached $SFMO002 declined from 10"pfu/ml to 10°pfu/ml after four weeks, if
kept at 4°C free $SFM002 decreased from 10°pfu/ml to 10°pfu/ml, while they
remained at constant levels after four weeks incubation when attached. In
conclusion, attachment to nanoparticles did increase their temperature
stability, especially at lower temperatures.

162



QO
~

N

log4o pfu/ml
O = N W » O O N O © O

Day 0 Day 1 Day 2 Day 6
Time (days)

u4°C =RT -30°C u37°C

b)
10
9
8
§7__-II :I = - I
E -
‘.?_’6-_ - S I |
a 5+ —1 e = I
) I
1 | W | [—
= 3. {
2 _—
1. S
O-

Week 0 Week 1 Week 2 Week 3 Week 4
Time (weeks)

u4°C uRT . 30°C u37°C

Figure 6-3 (a and b): Stability test results of free bacteriophages (a) and
bacteriophage-coated particles (b). Stability test performed on free
bacteriophages (a) and on bacteriophage-coated cellulose nanoparticles (b)
at different temperatures. This experiment measured the ability to form
plaques (pfu/ml) over a period of time, data was taken on triplicate and using
only one biological replicate for the nanoparticles, whereas twelve biological
replicates were used for the free bacteriophages samples. Note that time
scales and initial phage stocks are different (days for free phages and weeks
for bacteriophage-coated nanoparticles).
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6.3 Discussion

The differences between nylon and cellulose nanoparticles did not just rely
on their size but their physical and chemical properties. When using nylon,
the phage infectivity was worse that when using cellulose, and this could be
caused by steric hindrance of the phage receptor and/or non-covalent
bonding of the nanoparticle but attachment through electrostatic interactions.
The immiscibility in water of the nylon particles made them very unpractical
to use. If we add that nylon plays an important part in the increasing issue
regarding plastic pollution from human activities and waste in the oceans and
within the gastrointestinal tract of fishes in rivers and at sea (Tanaka and
Takada, 2016; McGoran et al., 2017), it seems unethical the use of nylon
nanoparticles for this purpose as they will pollute the environment and may
be banned for use in the future. This issue does not present with cellulose as
it is a ubiquitous material, present in every plant cell wall and its disposal
cannot be an issue since cellulases are present in many bacteria and fungi,
including Pectobacterium spp. (Sethi et al., 2013), being mostly degraded on
site. Another good alternative would be quitin as it is widely spread in nature.

Obtaining high concentrations of phage was always a limiting factor, thus the
required optimisations and biological replicates of the experiment could not
be completed but some considerations previous and after phage attachment
were taken into account, including the buffer, the use of any coupling agents
and mixing with a protective solution. The buffer used must be of high ionic
strength as virions are unstable in low osmotic strength solutions (Leibo and
Mazur, 1966), varying the ionic strength can alter electrostatic interactions
between phages (Naidoo et al., 2012), PBS ionic strength rises strongly at
pHs below 3 and above 6 and it was used previously in other attachment
experiments (Zhou et al., 2017). The coupling agents, such as carbodiimide,
glutaraldehide, vinylsulfonylethylene ether or triazine could improve
attachment or stabilising agents like trehalose that could help maintain phage
viability and infectivity (Scott and Mattey, 2009). Immersion in a 5%
suspension of skimmed milk buffer immediately after the plasma treatment
could block any surface unoccupied by phages with casein and avoid the
nonspecific binding of bacterial cells (Richter et al., 2017). All these different
solutions could be tested to improve phage orientation and attachment.

Experiments previously used to immobilise phages on cellulose, relied on
applying positively charged chemicals to modify their surface and bind
phages electrochemically (Anany et al., 2011). More recent methods resulted
in an optimal phage orientation and surface coverage used an additional step
to achieve the deposition of phages in al alternating electric field (Richter et
al., 2017), taking advantage that the phages aligned as a result from
electrostatic interactions in close proximity to the surface. Adding the fact that
phages, as colloidal unsymmetrical particles, have a permanent dipole
moment, this is they have a negatively charged head and positively charged
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tail fibers (Baran and Bloomfield, 1978), thus their orientation can be
modified using an electric field (Shurdov and Gruzdev, 1984).

The voltage and frequency applied for phage orientation were not optimised,
this may improve the orientation of the phages or deactivate them during the
corona treatment, although the positive potential applied should have
enhanced phage deposition. Phage orientation is related to the Debye length
(k") on the nanoparticles (Anany et al., 2011), the viral particles align along
the lines of the electric field within the small volume when k™ is larger than
the size of the phage, if k™' is smaller then the orientation of the phage
happens from electrostatic interactions (Zweckstetter et al., 2004; Sadeghi et
al.,, 2011). Asymmetrical phage immobilisation on biosensors without a
favored orientation normally show low efficiency detecting bacteria
(Hosseinidoust et al., 2011), as a result only 3-10% of receptors are available
for infection as seen previously (Richter et al., 2017). To prove this, more
characterisations are required, like selectivity analysis using stained cells in
confocal microscopy or limit of detection of the nanoparticles (Wang et al.,
2016; Richter et al., 2017), this is the lowest concentration of bacteria that
can be detected and is statistically different from a blank (Zhou et al., 2017).

The measurement of dissolved oxygen in solution is a reliable method that
measures cell viability. In this regard, the OxoPlate® has been used for both
bacterial (Hutter and John, 2004) and cancer cells (Cook et al., 2012; Kim et
al., 2015) to measure their oxygen consumption over time. The OxoPlate®
results showed the infectivity potential of the attached phages, and
demonstrated that there are threshold concentrations in phage below which
infection can be interrupted (Figure 6-2 a) (Chibani-Chennoufi et al., 2004)
and, in general, higher MOls result in higher bacterial inactivation (Leverentz
et al., 2003; Guenther et al., 2009), as seen on free phages during the
OxoPlate® experiment (Figure 6-2 b). Other experiments that measure the
infectivity potential of attached phage include the disk-diffussion method
(Andrews, 2009) or electrochemical impedance spectroscopy (Zhou et al.,
2017), this last method would determine the latent period of the phage when
attached (Zhou et al., 2017). To test the presence of covalent bonding on the
nanoparticles, attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) measurements would detect amide bonds,
carboxyl and hydroxyl groups on the nanoparticles (Zhou et al., 2017). A
negative control sample, with no voltage applied could also be tested.

Over time, the treated surfaces can return to their untreated states. The
stability test (Figure 6-3 a and b) showed that after one month, the samples
at 4°C remained highly active against their host compared to the others kept
at higher temperatures, if phages do detach from the nanoparticles, they
would have not maintained their titre as they did (Figure 6-3 a). Two
processes can explain the hydrophobic recovery and loss of functional
groups on plasma-treated surfaces over time: one is the loss of polar
chemical groups from the surface of the material (Schamberger et al., 1994)
or by diffusion of these functional groups into the matrix (Paynter, 2000).
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Understanding the longevity of the plasma treatment through stability tests
helps stablishing a shelf life (Wang et al., 2016). In addition to this, storage
conditions of immobilised phages can affect their efficacy to infect, for
example drying the samples could alter their orientation or deactivate the
receptor binding proteins (Hosseinidoust et al, 2014), in this case
lyophilisation was effectively proven to retain activity on ¢$T4 (Wang et al.,
2016), as an alternative.

With all the experiments performed on attached nanoparticles, more
biological samples are required to support these results and to fully
characterise the immobilisation method and obtain the highest infectivity and
the lowest sensitivity in the attached nanoparticles. On the other hand, other
stability tests should be added such as pH stability or UV treatment.
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7.0 Results

Efficiency of bacteriophage treatment in preventing
pectinolytic bacteria development in planta
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7.1 Introduction

7.1.1 Importance of soil microbiomes in plant growth

In the last decade, soil microbiome research has highlighted the importance
that plant-associated microbial mutualists have for maintaining growth and
health of their plant hosts. Roots secrete many organic compounds derived
from the photosynthetic activity to the rhizosphere (Dakora and Phillips,
2002), in a process known as rhizodeposition that is believed to attract and
sustain the rhizobial microbiota (Jones et al., 2009; Lundberg et al., 2012;
Lebeis et al., 2015; Berg et al., 2017; Edwards et al., 2015; inceoglu et al.,
2011; Bai et al., 2015). The bacterial communities from the rhizome in maize
were different to those from the surrounding bulk soil (Gomes et al., 2001,
Sanguin et al., 2006; Haichar et al., 2008; Bouffaud et al., 2012; Peiffer et al.,
2013) and they provide defense to their host acting as a protective barrier
against pathogens (Berendsen et al., 2012; Mueller and Sachs, 2015; Wei et
al., 2015), in a similar way as the gut microbiomes.

Endophytes (Dobereiner, 1992), or symbionts living inside plants, play a role
in reducing the effect of environmental stresses in plants such as heat,
drought, nutrient limitations, excessive salinity and exposure to pollutants
(Ryan et al., 2008; Redman et al., 2011; Khan et al., 2012; Bulgarelli et al.,
2013; Chang et al., 2014; Wani et al., 2015; Santoyo et al., 2016; Rho et al.,
2018). They also produce plant growth chemicals such as indole acetic acid
(Beyeler et al., 1999) or cytokinins (Timmusk et al., 1999), enhancing seed
germination and increasing their fruit yield. Multiple studies in this field used
a mixture of endophytic species, also called consortia, to prove a synergistic
effect on the host plant (da Silva et al.,, 2014). These communities are
complex yet stable and their composition is influenced by interactions within
the community, such as microbes (Mee et al., 2014), the plant host (Lebeis et
al., 2015; Bodenhausen et al., 2014; Peiffer et al., 2013; Aira et al., 2010;
Bouffaud et al., 2012 ) and the spatial distribution of the soil (Kim et al., 2008;
Aira et al., 2010; Johnston-Monje et al., 2014), although the effect of phages
in this environment has also been reported (Ofek et al., 2014).

7.1.2 Use of antibiotics in agriculture

The importance of these bacterial communities in the soil has been
neglected through the use of antibiotics for crop protection, which has been
indispensable in the United States for over 50 years (Stockwell and Duffy,
2012). One of the major problems with antibiotics is their broad spectrum of
activity that kills not only the target bacteria but other non-target commensal
bacteria (Tamma et al., 2012). As a result, antibiotic treament affects the
microbiome and can cause plants to develop an antibiotic-associated
infection (Davies and Davies, 2010; Tamma et al., 2012). Antibiotics are
used on plants as a prophylactic, and for treatment of perennial plants such
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as pear or apple trees (Stockwell and Duffy, 2012). Spraying antibiotics on
the field might increase the frequency of antibiotic resistance genes and, in
fact, streptomycin resistance was detected between five to ten years after
antibiotic application (Jones and Schnabel, 2000; McManus et al., 2002) and
was even detected ten years after the application was stopped (Moller et al.,
1981). Other antibiotics include oxytetracycline, gentamicin and oxolinic acid
that are used for different bacterial pathogens of plants including
Pectobacterium spp. (Stockwell and Duffy, 2012). At present, the
development of plant disease risk models that are based on environmental
parameters and the potential of pathogen populations present in plants is
used to calculate the amount of antibiotic required to prevent bacterial
infection (Billing, 2000), for example streptomycin treatment (or also known
as plantomycin) is used at concentrations between 50 and 150ug/ml and
oxytetracycline between 150 and 200ug/ml, with residue tolerance levels on
plant of 0.25 and 0.35ppm, respectively (Stockwell and Duffy, 2012).

More recently, the emergence of a carbapenem-resistant Enterobacteriaceae
containing a highly-transmisable plasmid with the resistance gene for the
New Delhi metallo-beta-lactamase (NDM) (Kumarasamy et al., 2010; Yang
Wang et al., 2012) has put the use of antibiotics for farming under question.
By 2006 the European Union banned all nonmedicinal use of antibiotics in
animals and more recently, the United Kingdom government committed to
significantly cut antibiotic use in animals reaching the target of 50mg/kg in
farm animals by 2016 (two years earlier than proyected) (Veterinary
Medicines Directorate, 2016). Other studies proved that antibiotics used in
medicine or agriculture are unlikely to alter phage resistance or phage-
antibiotic cross-resistance in the environment (Allen et al., 2017), though they
do affect the bacterial microbiomes in soil.

The high specificity that is characteristic of phage treatment results in fewer
off-target effects on other commensal microflora than antibiotics do (Loc-
Carrillo and Abedon, 2011), additionally the self-replicating quality of
bacteriophages, their simple, rapid and low production costs make them
suitable for use as antimicrobial agents (Loc-Carrillo and Abedon, 2011).
Phages are intimately linked to the ecology and evolution of their hosts
(Grose and Casjens, 2014), and the pharmacokinetics of phage therapy
replicate predator-prey models of population dynamics as opposed to
classical peak-distribution-elimination phases typical of antibiotic treatment
(Levin and Bull, 2004). The combination of both antibiotic and phages can
work in synergy and prevent bacterial resistance (Torres-Barcelé and
Hochberg, 2016), and in some cases phage resistance can reinstate
antibiotic susceptibility (Chan et al., 2016).

7.1.3 Role of bacteriophages in soil communities

Phage ecology can be divided into four categories: phage organismal
ecology that includes the adaptations of phage that increase the resilience in
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between hosts, phage population ecology or the intrinsic properties of phage
growth and phage-phage competition for their host, phage community
ecology or the stability of the environment that contains phage populations,
and phage ecosystem ecology that studies the impact phages have on
energy flow and nutrient cycling within environments (Gill and Abedon,
2003).

Phage densities are very large in the environment: it is estimated that there
are as many as 100 million or more per gram of soil or ml of aquatic
environment (Wommack and Colwell, 2000; Ashelford et al., 2003), although
the actual number of phages capable of infecting a specific bacterial strain
are much smaller (Gill and Abedon, 2003). One of the factors that make
bacteriophages important is their role in genetic transfer, and their
contribution to the evolution of bacterial cells by acquiring and spreading
DNA horizontally through transduction (Navarro and Muniesa, 2017) that
occurs once every 108 phage particles (Bushman, 2002; Chibani-Chennoufi
et al.,, 2004), and actively contributes to the equilibrium of the natural
bacterial flora (De Paepe et al., 2014).

Plant-associated symbiotic bacteriophages are classified into helpful (mutual)
or harmful (pathogens). Temperate phages are helpful as they protect their
bacterial host from infection by homoimmune phages (Gill and Abedon,
2003; Dedrick et al., 2017; Howard-Varona et al., 2017) and they can also
modify the host phenotype in a process called phage conversion. As a result,
lysogeny plays a role in sustaining the phage population size at the
environmental carrying capacity by extending the time for bacterial lysis (Gill
and Abedon, 2003). Additionally plants can induce bacterial lysogens in an
attempt to eliminate bacterial pathogens (Erskine, 1973; Gvozdyak, 1993). In
plants, bacteriophages with lytic life cycle effects are limited to phage-
induced bacterial lysis and result in a reduction in plant growth or plant
nitrogen content (Ahmad and Morgan, 1994; Johnson, 1994; Hammad,
1998). The development of resistance mechanisms against phages usually
comes at a metabolic cost for the bacteria and can potentially change the
plant-interaction phenotypes (Lennon et al., 2007; Avrani et al., 2011,
Oechslin et al., 2017).

In most crop soil environments, the soil is only partially hydrated which
impedes diffusion of free phages, and without mixing of soil, the existing
bacterial microcolonies associated with the rhizosphere could exhibit periods
of growth or death regarding phage infection (Gill and Abedon, 2003). In
addition, phages can become trapped in biofilms (Storey and Ashbolt, 2001)
or become reversibly adsorbed to particles commonly found in soil (Burge
and Enkiri, 1978; Williams et al., 1987) as a result of their surface chemistry,
virion size and pH (Chattopadhyay and Puls, 2000), adsorption to clays could
have a protective effect by maintaining phages within a hydrated
environment (Williams et al., 1987), and acidic soils can permanently
inactivate phages (Sykes et al., 1981; Pantastico-Caldas et al., 1992). In
contrast, phages present on the phyllosphere are exposed to UV light,

170



dessication or also high temperature ranges (Adams, 1959; Ritchie et al.,
1977), but their presence is mainly the result of plant germination and
growth. In fact, some phages were found in water irrigation systems (Okabe
and Goto, 1963) or even arthropods (Erskine, 1973) probably following
similar paths to those used by their host bacteria (Goto, 1992).

7.1.4 Use of bacteriophages as biocontrol agents

There is a strong reciprocal selective pressure for the phage to become more
infective and the bacteria to become resistant (Buckling and Rainey, 2002), if
phage-resistant bacteria are present, the bacteriophages do not interact with
them, are selected and could potentially replace the existing communities
(Lenski and Levin, 1985; Dennehy, 2012). Selecting certain bacterial traits,
preventing viral reproduction and continuing bacterial progeny (Avrani and
Lindell, 2015). Phage-resistance in bacteria is often accompanied by a
fithess cost, either by a higher susceptibility to other phages (Avrani et al.,
2011; Marston et al., 2012; Castillo et al., 2014; Oechslin et al., 2017) or by
slowing their growth rate (Chao et al., 1977; Bohannan and Lenski, 2000;
Middelboe, 2000; Lennon et al., 2007), this characteristic was successfully
used for vaccine development against S. enterica and S. aureus (Capparelli
et al., 2010).

In contrast to antibiotic resistance, phage-resistance remains under control
through coevolution, in different studies the appearance of phage-resistant
bacteria did not result in a selection over the susceptible colonies (Connerton
et al., 2004). Recently, the entire sap operon was proven to play a role in
phage susceptibility in T4 and T7 phages (Parra-Lopez et al., 1993) by
encoding an ABC transporter that transfers antimicrobial agents to the
bacterial cytoplasm. Despite this, the stringent starvation protein A gene
(sspA) provided phage resistance (Cowley et al, 2018) through
transcriptional regulation but the mechanisms are still unknown; althought it
is known that SspA works in association to the RNA polymerase and
prevents the accumulation of H-NS to upregulate various stress defence
systems (Hansen et al., 2005).

The main concern about using bacteriophages to control plant pathogens is
their narrow host range (Jones et al., 2007; Jones et al., 2012). Therefore the
combination of various phages in a cocktail is common for treatment of a
wide range of bacteria that cause the infection (Pires et al., 2016). Selection
of appropriate phages for use as biocontrol agents is an essential step
(Jones et al.,, 2012), and they can be applied to the rhizosphere or the
phyllosphere of the plant. Factors such as sunlight irradiation (Buckling et al.,
2006), temperature, nature of adsorption, pH, clay type, organic matter,
nutrient availability for the host (Friman and Buckling, 2013; Friman and
Buckling, 2014; Gémez et al., 2015), heavy metal concentrations, acid
pollutants, ionic strength (salinity) and moisture are some of the factors that
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affect phage viability (Iriarte et al., 2007; Kimura et al., 2008). From all these
factors mentioned, only adsorption (Goyal and Gerba, 1979; Farrah and
Bitton, 1990), UV irradiation (lriarte et al., 2007) and temperature (Hurst et
al., 1980; Straub et al., 1992; Leonardopoulos et al., 1996) are the main
factors for phage survival. Besides, the success of a singular phage
treatment is influenced by phage and host densities (Johnson, 1994), but
also the timing of phage application (Payne and Jansen, 2000; Payne and
Jansen, 2003), phage burst size and bacterial fitness of resistant bacteria.
Thus, the specific interaction between phage and host relies on
characterisation of each phage treatment under certain conditions before use
as biocontrol agents, without the possibility of extrapolating to a different
bacterial or phage system (Gill and Abedon, 2003). In addition, phage uptake
by the plant depends on the plant species, plant size, age and type of soil or
media in which the plant is grown (Iriarte et al., 2012).

The use of phage cocktails has been successfully used in veterinary
medicine (Carrillo et al., 2005; Carvalho et al., 2010; Hawkins et al., 2010;
Chan et al., 2013), food industry (Britta Leverentz et al., 2003; Bigwood et al.,
2008; Garcia et al., 2008; Spricigo et al., 2013) and agriculture (Bae et al.,
2012; Adriaenssens et al., 2012). Even some phage-based products have
received approval for treatment of food produce, this is the case for
ListShield™, EcoShield™ and SalmoFresh™ from Intralitix to control Listeria
monocytogenes, Escherichia coli O157:H7 and Salmonella enterica,
respectively, in foods or food-processing environments, Salmonelex” and
Listex P100 from Micreos to prevent respectively, Salmonella and Listeria
monocytogenes spread during food processing and AgriPhage” from
OmniLytics to control Xanthomonas campestris and Pseudomonas syringae
on tomato and pepper plants (Pires et al., 2016).

Proof-of-concept experiments to use therapeutic phages were successfully
performed against P. carotovorum subsp. carotovorum on potato plants
(Eayre et al., 1995), lettuce (Lim et al., 2013) and on calla lily plants
(Ravensdale et al., 2007) and for prevention of potato soft rot development
by P. atrosepticum (Balogh et al., 2010). The number of characterised
phages that infect soft rot Enterobacteriaceae grows (Czajkowski, 2016a)
and in the near future it is likely that a phage cocktail will target the main soft
rot and blackleg producing organisms in just one application (Smolarska et
al., 2018).

Disease management on potato relies on host plant resistance, sanitation
and cultural practices (Norelli et al., 2003). For example, classification
systems of seed potato tubers were introduced to assess quality of the
propagation material and rely mainly on visual inspections of both crops and
harvested seeds (Shepard and Claflin, 1975) but ignore any latent incubation
of the bacteria (Perombelon and Hyman, 1995; Toth et al., 2011). As such,
there is no requirement by the European Union to test for these bacterial
species in potato. Currently, potato seed treatments contain chemicals such
as captan, thiophanate methyl, mancozeb, bleach and fludioxonil (Yangui et
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al., 2013) and they all are, apart from bleach, fungicides. Both heat and
sodium hypochlorite are effective control measures of soft rot (Ranganna et
al., 1998; Soriano and Climent, 2006) though not feasible for toxicity and
economic reasons. Chlorine bleach is the standard for post-harvest
sanitation but it is environmentally harmful and not effective once the seeds
have been infected (Bartz, 1999). The importance of alternative treatments to
reduce fungicide and insecticide use in crops is the main objective of the
project VIROPLANT that aims at developing viral-based treatments to protect
crop plants from phytopathogenic bacteria.

The established regulatory frameworks for drugs and procedures do not
consider the biological properties of phages, and some experts have tried to
set up new guidelines specific for phage therapy in the European Union
(Verbeken et al., 2014). The requirement of regulatory approval for phage
therapy added to other issues such as the development of bacterial
resistance to phages, their narrow host range and the concern about the
immunogenicity of phage therapy were not considered (Lu and Koeris, 2011).
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7.1.5 Aims and objectives

With the use of cellulose nanoparticles optimised (Chapter 6), our next aim
was to test their efficiency for preventing soft rot development in living plants
when bound to bacteriophages. In order to prove the hypothesis that different
combinations could be used to test the effect of cellulose nanoparticles and
bacteria in controlling Pectobacterium infections of potatoes and tomato
seeds.

Since all the isolates obtained belong to the same species of bacteriophages,
the experiments in vivo were focused on ¢SFMO002 solely as this was the
most characterised (Chapter 4).

The first test performed was on tomato seeds (Solanum lycopersicum cv
Moneymaker), different combinations were used in order to test both the
effect of cellulose nanoparticles and bacteria (and them combined) in plant
germination.

Translocation:, that is the ability to uptake phage from the roots to the apical
parts of the plant, has been reported in maize and beans (Ward and Mahler,
1982), lettuce (Wei et al., 2010) or tomato plants (Iriarte et al., 2012). Phage
uptake depend on different factors including phage morphology, plant
species and size and type of soil or substrate where the plant grows (Iriarte
et al., 2012). In this case, we wanted to test if the tomato seeds could uptake
nanoparticles alone during development, and if so what tissues were affected
in the growing plant.

The last experiment performed in plants was on potato slices (Solanum
tuberosum), using different combinations and incubation temperatures in
order to determine under what storage conditions each treatment could
prevent soft rot development.
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7.2 In planta tests

The objectives of this section were to investigate that the cellulose
nanoparticles bound to bacteriophages did not alter the normal development
of the plant or that they could prevent soft rot on grown fruit were.

7.2.1 Effect of different treatments on tomato seeds (Solanum lycopersicum
cv Moneymaker) growth and development

In order to test any adverse effects by ¢SFM002-coated cellulose
nanoparticles on plant growth, tomato seeds were germinated containing
bacteriophage-coated particles on their surface and their development was
followed and compared to untreated ones (section 2.15.1 in Materials and
methods). Tomato seeds were treated and left to germinate, the treatments
included sterile nanoparticles, free $SFM002 stock, sterile nanoparticles and
bacteria, free $SFM002 and bacteria, $SFM002-coated nanoparticles and
bacteria and ¢SFMO002-coated nanoparticles (Table 7-1), after seed
germination the stem length was measured daily up to fourteen days after
inoculation (Figures 7-1 a and b) and the non geminated seeds were also
taken into account at the end of the experiment. Seeds took approximately
three days before germination started (Figure 7-1 b), and after they were
taken into a day/night photoperiod, when they grew at their maximum rate
until they plateaued approximately ten to eleven days after the start of the
experiment (as seen in the negative control). The samples that grew best
were the untreated ones, reaching approximately eight centimeters at the
end of the experiment, followed by the samples treated with sterile
nanoparticles that grew approximately six centimeters, and then by the sterile
nanoparticles and bacteria-treated samples that reached almost six
centimeters, the free ¢SFM002 treated seeds alone grew just over four
centimeters, the $SFMO002-coated nanoparticles and the free $SFM002 with
bacteria only developed about three centimeters, the coated nanoparticles
and bacteria grew an average of 0.5 cm per sample and the bacteria-treated
samples did not germinate at all (Figure 7-1 a and b). The presence of
bacteria in the samples clearly affected the germination of seeds (positive
control) as well as negatively affected plant growth if compared to the same
samples without the bacteria (Figure 7-1 b).

Testing the effect of the nanoparticles on plant development was also an
objective of the previous experiment. Thus, during the previous experiment
the development of cotyledons and leaves was recorded as part of normal
development compared to the untreated samples (Figure 7-1 c). By the end
of the experiment (fourteen days), the untreated samples had all their seeds
germinated, they developed their first cotyledons from day eight and their
leaves on day twelve (Figure 7-1 c), all the other treatments developed at
least one cotyledon from day eight but only the free ¢SFM002 and the sterile
nanoparticles developed leaves (Figure 7-1 c) by the end of the experiment.
The germination rate varied between 100% on the untreated samples,
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followed by the sterile nanoparticles and by the sterile nanoparticles and
bacteria samples at 75%, only the free $SFMO002 samples, the free $SFM002
with bacteria samples and the phage-coated nanoparticles samples achieved
50%, whereas the phage-coated nanoparticles with bacteria samples only
got 30% of their seeds germinated, none of the bacteria treated samples
germinated. In accordance to the previous results, the presence of bacteria
on the seeds slowed down their development as seen when grown with free
¢SFM002 and with sterile nanoparticles (Figure 7-1 c) as they did not
develop leaves (the samples grown without bacteria did) and their
germination rate slowed down for those samples. Presence of bacteria in
seeds prevented germination and slowed growth in presence of other
treatments (as compared to the treatments alone), likewise presence of any
treatment slowed growth or development of tomato plants compared to the
negative controls.

Treatment Concentration

Sterile nanoparticles 1 mg/ml

Free $SFM002 100 pfu/ml

Sterile nanoparticles and bacteria 1 mg/ml and 108 cfu/ml
Free $SFM002 and bacteria 100 pfu/ml and 108 cfu/ml
$SFMO002-coated nanoparticles and bacteria N/A and 108 cfu/ml
SFMO002-coated nanoparticles N/A

Bacteria (positive control) 108 cfu/ml

Distilled sterile water (negative control) N/A

Table 7-1: Treatments used for seed development assay.
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Figure 7-1 (a): Tomato seed germination and growth in the presence of
different treatments. Seed germination experiment started by surface-
sterilisation of the seeds (Solanum lycopersicum cv Moneymaker) and
incubation in the dark at 25°C until germination started (6 days), the
germinated seeds were then transferred to a long day photoperiod incubator
(16L/8D) for the remaining of the experiment. The images correspond (in
ascending order): 1 is the negative control (untreated), 2 is the positive
control (incubated with bacteria), 3 is free ¢SFM002, 4 is sterile cellulose
particles, 5 is cellulose particles and bacteria, 6 is free ¢SFM002 and
bacteria, 7 is bacteria and $SFM002-coated particles and 8 is ¢SFMO02-
coated particles. Each treatment was done in triplicates and their growth was
measured daily, the bacterial stock used contained 10° cfu/ml and the phage
stock 10'° pfu/ml. All scale bars correspond to 1cm.
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Figure 7-1 (b): Tomato seed germination and growth in the presence of
different treatments. Seed treatment experiment started by surface-
sterilisation of the seeds (Solanum Iycopersicum cv Moneymaker) and
incubated in the dark at 25°C until germination started (6 days, shown as a
shadowed area), the samples were then transferred to a long day
photoperiod incubator (16L/8D) for the remaining of the experiment. Each
treatment was done in triplicate and their growth was measured daily, the
bacterial stock used contained 10%cfu/ml and the phage stock 10'pfu/ml.
Results were plotted (mean + sd) and Bonferroni’s means comparison test
(one-way ANOVA with p < 0.05) was performed.
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Figure 7-1 (c): Tomato seed germination and growth in the presence of
different treatments. Each treatment was done in triplicate and their growth
was measured daily as well as cotyledon (red) and leaf (green) development
as a percentage, the bacterial stock used contained 108 cfu/ml and the phage
stock 10" pfu/ml. The (*) represents the only seed out of four that developed
real leaves.
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7.2.2 Translocation of cellulose particles by the tomato plant

With the objective of testing translocation in the tomato plants, the sterile
nanoparticles and the negative control were used to test nanoparticle uptake
by the plant using confocal microscopy (Figure 7-2 a to c). The confocal
microscopy showed the difference between leaf, stem and root tissues in the
plant and allowed recording of the autofluorescence from the cellulose within
the plant cell wall and the chloroplasts (Figure 7-2 a), this signal could not be
distinguished from that of the nanoparticles, if any (Figure 7-2 b), a faint
signal was detected from the nanoparticles alone (Figure 7-2 c), but what
was more interesting was the fact the nanoparticles were not spherical as
previously thought. No clear signal was detected from the nanoparticles that
could be discriminated from the normal cellulose within the plant, on the
other hand, this technique has helped establish the irregular shape of the
cellulose nanoparticles (Figure 7-2 c).
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Figure 7-2 (a): Determination of autofluorescence from the tomato plant
cellulose. Tomato seeds (Solanum lycopersicum cv Moneymaker) were
germinated in presence of sterile cellulose nanoparticles and allowed to grow
for 28 days, a negative control without nanoparticles was used. Samples
were taken from leaves (1 and 2), stems (3 to 5) and roots (6 to 8) using a
scalpel and transferred onto glass slides with no fixation. Confocal light
images represent the first column, residual autofluorescence are the second
column and autofluorescence corresponds to the third column. All scale bars
correspond to 10um.
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Figure 7-2 (b): Determination of cellulose translocation by the tomato
plant. Tomato seeds (Solanum Iycopersicum cv Moneymaker) were
germinated in presence of sterile cellulose nanoparticles and allowed to grow
for 28 days, a negative control without nanoparticles was used. Samples
were taken from leaves (1 to 3), stems (4 to 6) and roots (7 to 9) using a
scalpel and transferred onto glass slides with no fixation. Confocal light
images represent the first column, residual autofluorescence are the second
column and autofluorescence correspond to the third column. All scale bars
correspond to 10um.
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Figure 7-2 (c): Determination of autofluorescence by the cellulose
particles. Cellulose samples (10 to 12) were transferred onto glass slides
with no fixation and analysed. The first image corresponds to a light image,
the second is the autofluorescence of the plant and the third is the merged
image. All scale bars correspond to 10um.
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7.2.3 Efficiency of bacteriophage-coated particles to control soft rot
development

To measure the efficiency of the phage-coated nanoparticles in preventing
soft rot development in vivo, potato tubers (Solanum tuberosum) were used
for inoculation of different treatments and incubated posteriorly at different
temperatures (4°C, room temperature and 30°C), soft rot was measured as
development of rotten or discoloured tissue on the potato surface every day
for three days (Figure 7-3 a) and the infected area was plotted as a
percentage of the total tissue area available (Figure 7-3 b), treatments were
performed in quadruplets and included free ¢$SFMO002, $SFMO02-coated
cellulose nanoparticles, two negative controls: one using nothing and the
other using PBS and two positive controls: one using P. atrosepticum and the
other using P. atrosepticum SCRI 1043. There was no soft rot in most
samples incubated at 4°C after 3 days (Figure 7-3 a), but only small
darkened areas were observed even for the negative controls that reached
up to 20% by day three (Figure 7-3 b), in all the samples tested at 4°C soft
rot developed linearly during the experiment (Figure 7-3 b) and all the
samples retained their initial moisture. Furthermore, incubation at room
temperature was the worst for soft rot development (Figure 7-3 a), specially
for both positive controls and ¢SFMO002-coated nanoparticles where soft rot
developed linearly and by day three reached 47% for P. atrosepticum SCRI
1043, 25% on P. atrosepticum and 15% for $SFM002-coated nanoparticles
(Figure 7-3 b), no soft rot was seen on the negative controls and $SFM002
maintained the soft rot levels after the first day, approximately 8% of the total
area. Besides, the highest temperature for incubation was the worst for
$SFMO002-coated nanoparticles (Figure 7-3 a) as it reached values of 30%
and increased linearly (Figure 7-3 b) whereas free $SFM002 remained
constant with 5% of total available tissue for the whole experiment, the PBS
samples did produce some soft rot for the three days at around 4% of the
total area and both positive controls increased their soft rot areas linearly
every day, reaching 25% for P. atrosepticum SCRI 1043 and 35% for P.
atrosepticum, the samples incubated at this temperature lost their moisture
and their surface appeared dry to the naked eye. In conclusion, phage-
coating nanoparticles did not have an effect on preventing or stopping soft rot
at 30°C, and its effect was only better than free $¢SFM002 at 4°C. In general,
soft rot developed whilst there was moisture on the samples and low
temperatures slowed soft rot from developing further.
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Figure 7-3 (a): Soft rot development on potato slices using different
treatments. Potato tuber infection assay measured the area of degradation
of potato slices after incubation for 3 days under different incubation
temperatures: 4°C (1 to 4), room temperature (5 to 8) and 30°C (9 to 12).
The images correspond to the third day for $SFM002-coated cellulose (1%
column), free $SFM002 (2" column), negative control (3 column) and the
positive control P. atrosepticum SCRI 1043 (4™ column). The area of
degradation was manually selected and compared to the total tissue area
available. All scale bars correspond to 1.5 cm.

185



b)

o«
®
| z
@
=
) I S
5 =
.g =
3
> Y]
°
% €
-
2 -2
©
£ . :
S I b @ 3
o = S m -
5 e o o
- g o~ 3 B = 9
§ 8 £ £ Bz B
] =} & s cE TEE
P | € = o o 33 83
2 u @ o °8 98
g 7] > > o o
2 o k- | .2323
o w o w 3 = =
gegdgggeeagwe = 3 4 4 w5 8o
3} [ z z oc@m oW
ojejod jo uonepesbaq 9% ! " = -
— -
—— T
® . z
0 2
o 3 I S
2 =
c >
. -3
o ]
o G £
< e o -
(3 &
£ o &
| 3 L Py
g I
g -
E -

O W o WwoWwoWwoWwo
D ¥ T OO NN - -

O W o WwWoeWwoWwo Lo
h e ¥ o6 A - -

ojejod jo uonepesbaq %
ojejod jo uopepesbaq 4

Figure 7-3 (b): Soft rot development of potato slices using different
treatments. Potato tuber infection assay was performed by measuring the
area of degradation of potato slices after incubation for 3 days under different
incubation temperatures: 4°C, room temperature and 30°C. The area of
degradation was manually selected and compared to the total tissue area
available. Data (means) are representative of one experiment with one
biological replicate containing four tuber slices each, the standard deviation
should be added when performing repeat experiments as these only
measure the percentage of potato tuber infection and are relative to the total
area used.
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7.3 Discussion

The importance of bacteriophages in the environment must not be
overlooked. Viruses infect approximately one-third of the ocean
microorganisms every day (Suttle, 2007; Brum and Sullivan, 2015), and their
abundance can predict the global carbon flux from the ocean surface to the
deep sea (Guidi et al., 2016). They can also shape microbial communities in
the human gut either for healthy or pathogenic conditions (Mirzaei and
Maurice, 2017). Viral infections contribute to soil ecosystem equilibrium and
by knowing soil viral ecology we may understand biogeochemical models
and population dynamics (Emerson et al., 2018). Some soil viral
metagenomic reports have been generated (Williamson et al., 2017) and
demonstrated that soil viromes have the potential to indirectly (through
infection of key microbial carbon cyclers) alter the carbon cycling in certain
ecosystems (Emerson et al., 2018) or change bacterial metabolism with
phage-encoded metabolic genes (Hurwitz and U'Ren, 2016) or bring
bacterial blooms to an end through lysogen induction (Brum et al., 2016). For
example, virus-encoded glycoside hydrolases contribute to a network of
carbon degradation of plant-derived polymers to oligosaccharides or
monosaccharides, that are broken down by other soil bacteria to methane
and carbon dioxide, in accordance to reports of horizontal gene transfer of
lignin-degrading genes (Strachan et al., 2014). At the same time, viral
abundances could predict porewater carbon chemistry, for instance 5"3C of
porewater methane, an index of the methane production pathway and the
methane consumption used in ecosystem and climate models (McCalley et
al., 2014) was significantly predicted by methanogen and methanotroph viral
concentration (Emerson et al., 2018).

Similarly to the results presented in this chapter, some previous results on
phage therapy in plants must be treated with caution as they only used a
unique phage isolate and a large-scale field trail should be performed
(Czajkowski, 2016b). On a practical level, the selection process of phages
with treatment potential should include more bacterial strains to reflect the
bacterial soil diversity which, in fact is significantly correlated to viral soil
community composition (Fierer and Jackson, 2006). As a matter of fact, the
effectiveness of phage therapy relies not only on the susceptibility of the
bacterial host but also on the environmental factors that influence phage
survival (Iriarte et al., 2007). Temperature can affect phage viability through
damaging essential viral components for infection, such as conformational
changes of the phage recognition site (Harvey and Ryan, 2004). However,
presence of proteases in the soil from bacteria, plant root exudates, animal
excrements or decomposition processes can degrade the viral capsid
(Vranova et al., 2013). It is also possible that low moisture increase phage
stability by enhancing the adsorption process (Mell et al., 2014). Copper-
based bactericides reduced phage populations in vitro (Balogh et al., 2005)
and UV radiation can damage bacteriophages by different mechanisms
(Pfeifer, 1997). Application time of phage treatments should also be
considered, if it is best in the evening and stability is enhanced by using
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formulated phages (Balogh, 2002). In general, phage treatment is most
effective as a preventative measure, since application of viral particles is
more effective before bacterial infection develops, this is in accordance to
other reports where phage colonisation of the roots avoided phytopathogen
invasion (Fujiwara et al., 2011; Bae et al., 2012). Some requirements before
commercial use of phage treatments include dynamics of phage populations,
timing of application details and phage survival, consistency of control in the
field, long-term ecotoxicological risks, if any (Smolarska et al., 2018),
biocontainment and safety (Clokie, 2009), such as the potential role in global
gene transfer (Verheust et al., 2010), that must be evaluated in a risk
assessment.

Another factor to take into account is that selection for phage-resistance is
higher in the soil than in vitro (Gomez and Buckling, 2011). Virus-host
interactions increase the bacterial mutation rates, thus increasing the
bacterial chances to adapt and survive predation and/or changing
environmental conditions (Pal et al., 2007). The need for better in vivo and in
vitro models for prediction of phage-bacterial host dynamics, as well as their
impact on the energy and nutrient availability in their niche microbiota (Reyes
et al., 2012), should be included in the development of experimental and
computational methods for efficient analysis of temporal variation in model
microbial communities (Reyes et al., 2012). Phages may become redundant
after time as a result from co-evolution from being used in phage treatment,
this is why phages should be tested individually for their evolutionary
dynamic in the ecological context and predict the likelihood of resistance
emerging (Gill and Abedon, 2003). Nevertheless, this coevolution does not
eradicate bacterial or viral populations as each one needs the other
(Oechslin, 2018). The best possible experimental setting would be to apply
the Koch postulate inoculating the phages to the environmental bacteria and
evaluate their infectivity (Oechslin, 2018).

From the fluorescent microscope results, we learned that the nanoparticles
were not spherical as initially suspected, making the calculations for the
phage/area ratio inaccurate and these calculations, instead of being as a
factor of phage density per surface, they were calculated as phage density
per milligram of particles. On the other hand, more effort should be put into
the cellulose uptake by the plant: either by staining the cellulose
nanoparticles with a dye that does not affect the autofluorescence
wavelength of the cellulose so they can be easily discriminated. Once this
characterisation is completed more focus, is required for field experiments
and/or prevention measures by treating the seed produce.

As previously mentioned, phages should be used before infection starts so
we must understand the mechanisms that trigger the infective process. The
virulence factors of P. atrosepticum are regulated by quorum sensing (QS),
this is a bacterial communication system that responds to environmental
changes such as nutrient availability, temperature or pH, it is density-
dependent (Whitehead et al., 2001) and consists of small diffusible signal
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molecules. Plant pathogenic bacteria produce N-acyl homoserine lactones
(AHLs), and some research suggest that virulence can be attenuated by
controlling the QS system, for example, P. atrosepticum secretes virulence
factors like pectate lyases, cellulases and proteases that are induced by AHL
(Toth et al., 2004; Liu et al., 2008). The use of quorum sensing inhibitors,
such as hydroxytyrosol-rich extract (Yangui et al., 2013), piericidin A and
glucopiericidin A (Kang et al., 2016), have been suggested as potential
control agents of soft rot or by using bacterial strains that express AHL-
lactonase, like the Pseudomonas fluorescens P3 strain (Molina et al., 2003)
or Bacillus thuringiensis COT1 (Dong et al., 2004).

There are other different methods that evaluate plant infection development,
like measuring the amount of degraded plant matter (Wang et al., 2000;
Shabuer et al., 2015b), using potato infusion agar (Shabuer et al., 2015b) or
by using the penetration diameter of soft rot in potato tubers (Lapwood et al.,
1984), analysis of volatiles, such as acetic acid ethenyl ester (vinyl acetate)
for P. atrosepticum or cyclohexene, diazene and methoxy-(1,1-dimethyl-2-
hydroxyethyl)-amine for P. carotovorum subsp. carotovorum on potato (Lui et
al., 2005), these phenolic acids are good indicators of infection or injury as
they are formed as a defense mechanism in potatoes (Ghanekar et al., 1984,
Kumar et al., 1991). Presence of saprophytic fungi on decay tissue was not
observed during the experiment, though additional tests such as PCR and
light microscope identification (Yangui et al., 2013) could be included.

The presence of bacteria avoided completely seed germination and
decreased both germination and seed development when used combined
with nanoparticles or free bacteriophages. On the other hand, soft rot
developed better when moisture was present within the samples and it was
temperature—dependent, this was detected on the potato tuber assay. Still
these results were inconclusive as there were not enough biological
replicates for both the seeds germination and the tuber assay experiments,
once replicates are completed, disease reduction can be evaluated based on
efficacy and consistency (Byrne et al., 2005), where efficacy is the
percentage of mean disease reduction and consistency is the variability
between experiments based on standard deviations, the ratio between these
two parameters is called Biological Control Index (Byrne et al., 2005). These
results do not yet explain the role that P. atrosepticum plays within their
ecosystem and/or the interactions that explain its presence in soil, therefore
more interest on this matter should be taken.
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8.0 Discussion and future development
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The use of bacteriophages as biocontrol agents involves the characterisation
of viral particles as well as understanding of viral/host interactions as these
will determine the efficiency of any bacteriophage treatment after multiple
applications.

All the bacteriophages isolated for this project are fully characterised using
standard methods but also sequencing. This is an uncommon quality as most
of the sequences uploaded onto the NCBI database lack any other
characteristics apart from their genome sequences, making it more difficult
when comparing between phage characteristics. They all produce clear
plaques with no halos, characteristic of lytic bacteriophages. Based on their
host range, $SFMO001, $SFM002, ¢$SFMO03, $SFMO010, $SFMO11 and
$¢SFMO012 are the best for phage treatment as they are the most infective.
Their morphological properties classify them as part of the Podoviridae
family: with icosahedral heads and short non-contractile tails, from this
analysis $SFM002, $SFM008 and $SFMO10 have the longest tails.

The infective process occurs within 20 minutes of encounter and it develops
in a guorum-sensing manner: as real-time microscopy indicated that the
bacterial bursts happened most at the same time, in a choreographed way.

Genome sequencing should be mandatory for any bacteriophage formulation
destined to be used as a treatment and, as a dynamic process, routine
sequencing of bacteriophage and their host should be done. An essential
part must include the determination of host receptors and the
characterisation of those as a result from different environmental conditions
as well as determination of prophage and virulence factors from the host
genomes as to avoid transferring any contamination in phage stocks. By
knowing the defense mechanisms present in their genomes we could
understand how phage-host resistance mechanisms develop over time,
allowing the implementation of predictive models of virulence. For instance,
the absence of CRISPR-Cas in the host genome would allow effective
bacteriophage treatments even at low MOls.

Infection is a carefully regulated process and genes are only maintained if
they are required for survival. The bacterial cell wall breaks by the action of
an endolysin and also inhibits the host RNA polymerase. The phages avoid
the bacterial immune system using a type | restriction-modification system
(by the presence of methylases in the phage genome) and toxin-antitoxin
inhibitors that are equivalent to gp 4.5 from ¢T7 From the genomic analysis
we can place the origin of replication upstream the terminase gene (or the
arbitrary starting point for the CCT analysis), this is evident by the switch in
polarity of the GC skew. The bacteriophages have similar termini as $T7 with
short direct repeats and no cos ends, typical of linear DNA replication.
Structural regions of the genome tend to be more conserved but locating
areas of heterogeneity can help the prediction of mutation rates. Within the
structural region is the spanin, responsible for breaking the bacterial cell wall
in our bacteriophage isolates.
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Phylogenetic analysis divided our isolates in two groups: one containing
¢SFMO001, $SFM002, $SFMO010, $SFMO011 and ¢SFMO012, and the other with
the remaining seven. Even though different analytical programs placed them
in the same viral species (dot plot analysis using GEPARD, nucleotide
comparison using CCT view, Roary, average nucleotide identity and whole
proteomic tree analysis using VIPTree) they are probably different variant
belonging to the same viral species, and variability within them could explain
the regions in the genome most likely to change upon infection. Even though
these bacteriophages are very similar to each other, they are very different
from any others that have been sequenced up to date, sharing 60%
homology to their closest bacteriophage genome (results from the average
nucleotide identity analysis).

Some of the techniques used should be optimised in order to obtain further
results. For example, time-lapse microscopy could include the use of
immunofluorescence staining to quantify the bacteria (using labeled
antibodies), but also viral particles (either by using SYBR Green or SYTOX
Orange). The development of a method to reliably obtain high phage titres
and to optimise the orientation/attachment of phage particles onto cellulose
(and their quantification) with the aim of further characterise their infective
properties. Optimisation of the attachment process should be performed
either by using an electric field to orientate the bacteriophages, by modifying
the voltage/frequency applied or by using protective emulsions that may aid
the stability of the end product. More test would include the measurement of
covalent bonds by detecting the presence of amide bonds using attenuated
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and by
measuring the stability of the phage-coated nanoparticles using different
conditions such as pH or UV exposure and for longer periods of time. Other
analysis required to complete this project include the in-depth analysis of tail
fibre proteins using 3D protein structural modeling that could explain the
bacteriophage recognition mechanisms, so far from the SNP analysis of the
tail $SFM001, $SFM002, $SFMO010, $¢SFMO11 and $SFM0O12 showed that
they are identical, which does not explain the different host range but agrees
with the efficiency of plating and the phylogenetic analysis.

The presence of “hibernating” isolated cells during the time-lapse microscopy
experiment could reflect more accurately what happens in the environment
upon infection. Determination of growth parameters under different nutrient
availability as well as expression profiles of these dormant bacteria (and the
possible role toxin-antitoxin systems have in this development) may improve
our understanding of persister cell development.

The use of nanoparticles can be useful to increase phage stability or shelf life
of phage-based products, and cellulose was the best candidate as it was
easier to handle than nylon, although other alternatives like chitin would have
been interesting to test.
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The soil environment is mainly static, relying on mechanical mixing and/or
watering processes in order to change its structure. This could explain why
all the isolates from this project were so similar to each other and how they
could only infect the bacterial strain that was closest geographically.

From this project this role remains unclear and it would be necessary to
analyse the interaction that happen after phage therapy and how the
bacterial populations respond both spatial and temporally. Bacteriophages
may become redundant over time, produce a dysbiosis or cause horizontal
gene transfer events from the bacterial lysis. Alternatively, the combined use
of phages and bacteria that express AHL-lactonases (inhibiting QS) could
require lower MOls for treatment. Ultimately, the presence of Pectobacterium
spp. and their bacteriophages as normal inhabitants of soil may reflect an
essential role within this ecosystem. Thus, determination of the role this
bacterium and its phage have in the soil ecosystem will prove useful in terms
of development of control strategies.
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Appendix (a): Infection kinetics on solid and liquid media experiments
using $SFMO001. (a) Images were taken every 5 minutes for up to 20 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (b): Infection kinetics on solid and liquid media experiments
using $SFMO003. (a) Images were taken every 5 minutes for up to 30 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (c): Infection kinetics on solid and liquid media experiments
using $SFMO004. (a) Images were taken every 5 minutes for up to 30 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (d): Infection kinetics on solid and liquid media experiments
using $SFMO005. (a) Images were taken every 5 minutes for up to 25 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (e): Infection kinetics on solid and liquid media experiments
using $SFMO006. (a) Images were taken every 5 minutes for up to 25 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using ImagedJ 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (f): Infection kinetics on solid and liquid media experiments
using $SFMO007. (a) Images were taken every 5 minutes for up to 15 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using ImagedJ 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (g): Infection kinetics on solid and liquid media experiments
using $SFMO008. (a) Images were taken every 5 minutes for up to 30 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.

267



. AR

‘ : [P

5 10 15 20 25 30
Time (hours)

—#®—SCRI1043 SFM009

Time (hours)
===MOI =1 ==MOI = 0.01 MOI = 0.0001
==Positive control ==Negative control

Appendix (h): Infection kinetics on solid and liquid media experiments
using $SFMO009. (a) Images were taken every 5 minutes for up to 30 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (i): Infection kinetics on solid and liquid media experiments
using $SFMO011. (a) Images were taken every 5 minutes for up to 30 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using Imaged 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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Appendix (j): Infection kinetics on solid and liquid media experiments
using $SFMO012. (a) Images were taken every 5 minutes for up to 30 hours
at 1000X magnification using a Nikon TE 2000S inverted microscope and a
Hamamatsu Orca-285 Firewire Digital CCD Camera (left column images in
a). These images were then processed and quantified using ImagedJ 1.50i
software (right column images in a) and the results were plotted and
compared to a positive control using the growth of their host bacteria alone
(red line, b). The OxoPlate® method (c) measured fluorescence intensity
every 2 minutes for eight hours, the results were normalised and plotted as
pO; (in percentage) per time point using Pectobacterium atrosepticum SCRI
1043 under the same conditions, being each value the result from six
different readings.
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$SFMO003
$SFMO006

$SFMO002

$SFMO005

$SFMO001
$SFM004

Appendix (I): Nucleotide sequence comparison using CCT view. All
phage genomes were manually colinearised placing the starting arbitrary
point at the start of the open reading frame of the large terminase subunit
gene (1), then each phage was compared individually to each other and the
four closest phages from BLASTP results were added (¢DU_PP_II, $PP74,
¢T7 and ¢vB_YenP_AP10 in the internal ring), dark red shows 90% similarity
whereas black shows 100%. GC content and GC skews (+ and -) were
shown as the innermost rings.
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$SFMO11
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Appendix (I, cont.): Nucleotide sequence comparison using CCT view.
All phage genomes were manually colinearised placing the starting arbitrary
point at the start of the open reading frame of the large terminase subunit
gene (1), then each phage was compared individually to each other and the
four closest phages from BLASTP results were added (¢DU_PP_II, $PP74,
¢T7 and ¢vB_YenP_AP10 in the internal ring), dark red shows 90% similarity
whereas black shows 100%. GC content and GC skews (+ and -) were
shown as the innermost rings.
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Appendix (m): Phage genome organisation comparison using CCT
view. All phage genomes were manually colinearised placing the starting
arbitrary point at the start of the open reading frame of the large terminase
subunit gene (1), then each phage was compared individually to each other
and the four closest phages from BLASTP results were added (¢DU_PP_I,
¢PP74, $T7 and ¢vB_YenP_AP10 in the internal ring), dark red shows 90%
similarity whereas black shows 100%. GC content and GC skews (+ and -)
were shown as the innermost rings.
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Appendix (m, cont.): Phage genome organisation comparison using
CCT view. All phage genomes were manually colinearised placing the
starting arbitrary point at the start of the open reading frame of the large
terminase subunit gene (1), then each phage was compared individually to
each other and the four closest phages from BLASTP results were added
(6DU_PP_II, $PP74, $T7 and ¢vB_YenP_AP10 in the internal ring), dark red
shows 90% similarity whereas black shows 100%. GC content and GC
skews (+ and -) were shown as the innermost rings.
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B BLAST hit = 100 % identical
B BLAST hit >= 98 % identical
B BLAST hit >= 96 % identical
B BLAST hit >= 94 % identical
I BLAST hit >= 92 % identical
BLAST hit >= 90 % identical
B BLAST hit >= 88 % identical
[ BLAST hit >= 86 % identical
BLAST hit >= 84 % identical
BLAST hit >= 82 % identical
BLAST hit >= 0 % identical
B GC content
B GCskew+
B GC skew-
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